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ABSTRACT 
Textile composites, particularly three-dimensionally reinforced textile compos­
ites, are being considered with favor for emerging applications which involve large 
scale cocured composites or significant out-of-plane loads. Presently, the limiting tech­
nology is an incomplete understanding of the mechanics associated with these com­
plex fiber architectures, and a lack of definition for what constitutes quality in these 
samples. The objective of this research is to bring textile composites to fruition by 
establishing what constitutes quality, developing techniques for nondestructive evalu­
ation, determining what features drive mechanical performance, and exploring experi­
mental techniques for assessing textiles. 
Challenges associated with fabrication, inspection, analysis and testing of tex­
tile composites are addressed. Samples include 2D composites with intentionally aligned 
fiber undulations, orthogonal weaves, 3D braids, and through-the-thickness or layer-
to-layer angle interlocks. This investigation includes a study of flaws found to be typical 
in such composites, as well as a description of fabrication methods developed to pro­
duce idealized textile composites. The practicality of various methods of ultrasonic 
nondestructive evaluation and the applicability of conventional figures of merit, such 
as attenuation, are addressed. Research has shown that traditional ultrasonic inspec­
tion methods are complicated by textile fiber architecture. 
Fiber architecture distortion is the norm rather than the exception in 3D textiles, 
and a knowledge of this distortion is required to assess mechanical performance. Tech­
niques for probing distortions in textile composites are discussed. Also, a strong influ­
ence of the textile pattern is seen in ultrasonic scan images. This allows one to see 
clearly such flaws as in-plane fiber waviness, but complicates detection of small de­
xix 
fects such as porosity. Flaw detection for representative textile architectures is inves­
tigated by introducing a series of flat bottomed holes to simulate discontinuities in the 
structure. 
The relative importance of various fiber architecture distortions is assessed 
through finite element analyses and experimental testing using moire interferometry. 
This testing provides information on which types of flaws most affect mechanical per­
formance, and thus which are most important to detect in nondestructive evaluations. 
Furthermore, the relation between small degrees of in-plane fiber misalignment and 
corresponding large free-edge interlaminar shear strains is verified with finite element 
analyses and moire interferometry experiments. Moire interferometry is shown to be 
impractical for testing edges of non-idealized composites which exhibit even small 
degrees of in-plane fiber misalignment. 
1 
CHAPTER 1. INTRODUCTION - A REVIEW OF THE STATE-OF-THE-ART IN 
TEXTILE COMPOSITES 
Introduction 
Developmental efforts In composites technology have Included a wide variety of 
secondary and primary structures in industries ranging from sporting goods to civil 
structures to high performance aircraft. In addition to potentially significant weight 
savings, composites offer the potential benefits of increased fatigue life, corrosion re­
sistance, and life-cycle cost savings. Conventional two-dimensionally reinforced com­
posites, however, have poor interlaminar strengths and are susceptible to damage. 
Significant research and development activities have addressed composites for 
applications with predominantly in-plane loading. The difficulty which often arises with 
these materials, however, is that they are traditionally two-dimensionally reinforced 
materials which are used in three-dimensionally loaded applications. An example of 
this difficulty is the composite wing carrythrough bulkhead developed by McDonnell 
Douglas Aerospace (Figure 1). This component required the addition of metal flanges 
to the design due to kick loads induced from the outer flange geometry and the poor 
interiaminar tension strength of conventional two-dimensionally reinforced composites 
(Figure 2). Three-dimensionally reinforced composite materials offer potential ben­
efits for complex components such as this bulkhead. 
Significant research has been performed on the advantages of three-dimen-
sionally reinforced composites, but has focused primarily on the increased damage 
tolerance available with through-the-thickness fiber reinforcement rather than on com­
ponents capable of withstanding large out-of-plane loads. For this reason, concepts 
like through-the-thickness stitching have progressed much further than multidirectional 
weaves with continuous three-dimensional fiber reinforcement. Only recently has sig-
Figure 1. Composite wing carrythrough bulkhead. 
Connposite Bulkhead 
Interlaminar tension 
stresses result from 
flange kick loads 
Figure 2. Metal flanges are required to provide out-of-plane strength because 
matrix in 2-D composites cannot carry high interlaminar tension loads. 
3 
nificant effort been directed toward the latter topic, due primarily to the efforts of the 
Mechanics of Textile Composites Working Group, organized and directed by NASA-
Langley Research Center. 
Dissertation Organization 
This document contains a review of an admittedly unconventional doctoral re­
search program. Rather than focusing all attention to a rather small area of study, this 
research program has given attention to several key aspects within the general topic of 
textile composites. To facilitate publication of results from specific topics, this disserta­
tion has been organized into chapters which are independent documents. In many 
cases, these chapters represent papers which have already been or which are in­
tended for publication in various technical journals. Each chapter has an introduction, 
discussion, and results section and contains references and figures particular to that 
chapter only. Chapters which are not specifically intended for publication have also 
been organized in this manner to maintain a consistent dissertation format. 
This chapter presents a general introduction and an in-depth literature review 
for related topics. It is organized into three parts: fabrication techniques for textile 
composites, ultrasonic nondestructive evaluation techniques, and experimental meth­
ods for mechanical performance of textile composites. These topics also relate to the 
main emphases of the dissertation, and thus will be reflected throughout the organiza­
tion of this document. 
Chapters 2 and 3 (and Appendix 2) discuss fabrication methods developed within 
this research project. These methods allow for production of Idealized 2D or orthogo­
nal 3D samples. 
Chapters 4 through 6 present a general overview of successful research activi­
ties in ultrasonic nondestructive evaluation techniques. These are presented in chro­
4 
nological order, and thus represent a summary of the development process. Chapter 
7 provides a discussion of miscellaneous topics in nondestructive evaluation, including 
general effects of textile architecture on inspection capabilities, interference phenom­
ena in textile architectures, and wave separation and guiding in textile architectures. 
Chapters 8 through 10 provide a discussion of mechanical performance in tex­
tile composites. These include discussions on the effects of in-plane fiber misalign­
ment on moire interferometry, the sensitivity of strain concentration to nested versus 
opposing neighboring waves, and an experimental verification of strain concentration 
in textiles with ideally nested fiber architecture. For further details, Appendix 1 pre­
sents an in-depth discussion on tuning a four-beam moire interferometer and Appen­
dix 3 provides the theory for out-of-plane mechanical properties in laminated compos­
ites. 
Finally, Chapter 11 presents a list of general recommendations and conclusions 
for the entire dissertation. 
Textile Fabrication Techniques 
This section provides a summary of the state-of-the-art for producing cost-ef­
fective, multidirectionally reinforced, near net shape textile preforms compatible with 
matrix impregnation techniques such as resin transfer molding. The resin transfer 
molding process itself is not discussed, however a good description of this process 
may be found in References 1-3. The techniques addressed within this section are 
valid for most fibers (carbon, glass, Kevlar, etc.). Research for this dissertation has 
focused on carbon fiber reinforced composites due to the author's primary interest in 
high performance aircraft applications. 
A word of caution is appropriate prior to discussing various weave operations. 
Industry and university studies have demonstrated increases in damage tolerance. 
5 
delamination crack arrestment and positive attachment of secondary structure utilizing 
three-dimensional fiber reinforcement [4,5], however few of these studies have bal­
anced these payoffs with the degradation of in-plane properties due to the presence of 
through-the-thickness fibers. Results of studies which have assessed this trade-off 
are summarized in Table 1, and demonstrate potentially significant reductions to in-
plane strength [6,7]. The identified reasons for this reduction in strength are: a de­
crease in in-plane fiber volume fraction due to the presence of the reinforcing fibers; 
breakage of in-plane fibers due to the introduction of the through-the-thickness rein­
forcing fibers; misalignment or waviness of in-plane fibers due to the presence of the 
through-the-thickness reinforcing fibers; and local resin rich areas caused by the rein­
forcing mechanism and the resulting fiber matrix disbond. Further reductions to me­
chanical properties have been demonstrated due to internal fiber stacking arrange­
ments [8]. These factors should be carefully reviewed for each application to identify 
the process which will minimize the degradation of the critical in-plane material charac­
teristics. 
Table 1. In-plane properties are degraded due to the through-the-thickness fiber. 
Property 
Percent Change Due 
to 3-D Reinforcement 
~0 
-20 to -25 
~0 
iVlode 1 Delam. ) 
Mode II Delam. ) 
Compression Strength After Impact 
a 
1C 
-35 to -40 
-25 to -30 
-30 to -40 
100 to 200 
10 to 20 
~0 
6 
A variety of fiber architectures and weave configurations are shown in Figure 3. 
Research in 3-D weaving utilizing some of these fiber architectures has produced many 
innovative pieces (Figure 4), however most are constrained to local cross-weave rein­
forcement (i.e. no in-plane bias angle reinforcement - similar to a [0,90] lay-up). This 
sort of fiber architecture will perform poorly in most realistic structural applications. 
Jupina and Lynch [9] conducted a detailed study to assess weaving technology appli­
cable to the production of turbine engine components. While some developmental 
activity has undoubtedly occurred since this time, this report provides an in-depth re­
view of state-of-the-art weaving techniques. The conclusion of this study was that no 
current loom has the capability to fully automate the fabrication of components with 
both angular and through-the-thickness reinforcement. Hence, an integrated effort of 
structural designers, material scientists and textile fabricators is required to improve 
the technology of fiber positioning if woven preforms are to be used in large scale 
manufacturing operations. Hopefully, information gained on the mechanical perfor­
mance of textile composites through programs such as the Mechanics of Textile Com­
posites Working Group and research projects such as this one will aid in bringing this 
technology to fruition through an enhanced understanding of the mechanics of cured 
textile composites, and thus the primary control parameters for weaving operations. 
Specific details of how each weaving technique is performed will not be ad­
dressed in this document. Table 2, however, presents a list of advantages and disad­
vantages for a variety of weave operations. Within this table, references are cited 
which describe the various weave operations in greater detail. 
To summarize this assessment of textile manufacturing techniques, although 
each fabrication method offers unique capabilities for future composite applications, 
no one technique possesses the versatility desired to produce multilayer, multiangular, 
multidimensional, near net shape preforms. Perhaps the solutions lies within a judi-
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Figure 3. Representative fiber architectures. 
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Figure 4. Representative n-directionai woven preforms. 
cious combination of the most promising features of the available systems. As cost 
(either acquisition or life cycle) is likely to be the most important factor in future com­
posite applications, any system developed should be capable of being automated, 
possess relatively high production rates, and be predictably consistent. This is not to 
say, however, that mechanical performance can suffer. These materials will need to 
"buy" their way into production applications by offering significant advantages over 
current material systems. Thus, particular attention must also be given to producing 
preforms with minimal fiber architecture distortion and with an internal arrangement 
which maximizes structural performance. 
Ultrasonic Nondestructive Evaluation Techniques 
Littie activity has occurred in developing nondestructive evaluation techniques 
for textile composites. This, perhaps, follows a conventional trend where suitable ap-
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Table 2. Advantages and disadvantages of state-of-the-art weaving techniques. 
Weaving Technique Advantages Disadvantages 
Conventional Weaving 
[9,10] 
Jacquard Technology 
[9,10] 
3D Orthogonal Block 
[9,11-13] 
Pierced Fabric Structure 
[9] 
Highly automated 
Orthogonal structures 
High modulus fibers 
X-Y-Z fiber architecture 
High fiber volumes 
Low Incidence of resin 
rich areas 
Low production cost 
Moderate production rates 
Automated Weaving 
3-D X-Y-Z yarn systems 
High modulus fibers 
Near net shape preforms 
Moderate production rates 
Extreme flexibility for 
weave configuration 
High fiber volumes 
Resin rich areas unlikely 
Moderate production 
overhead 
Ability to tailor width during 
weaving 
Thicknesses up to 1.5" 
Computerized jacquard can 
edit weave instantaneously 
3-D, 4-D, 5-D* possible 
Various fiber architectures 
High modulus fibers 
Moderate fiber volumes 
Near net shapes 
3-D possible 
Various weave styles 
High modulus fibers 
Near net shape preforms 
± 45° bias angle range 
No off-axis orientation 
Preform design limited by 
number of harnesses 
Limited to less than 0.75" 
fabric thickness 
No off-axis orientation 
Limited to block shapes 
No automation 
Very low production rates 
Bias angle fiber orientation 
is not common 
Each layer limited to 2-D 
style weaves 
Very low production rates 
Limited shape range 
Not automated 
* In this nomenclature, "n-D" indicates the number of directions of reinforcement 
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Table 2 (continued) 
Weaving Technique Advantages 
Through-the-Thickness 
Matrix Braiding 
[9,13-16] 
Various fiber architectures 
Moderate fiber volumes 
Near net shapes 
Disadvantages 
No automation 
Very low production rates 
Limited part size 
Mulitiaxial Span System 
[9] 
Six yarn layers 
Bias angles from 30° to 60° 
Up to 72 yarns/inch/layer 
High modulus fibers in layers 
Knitting width from narrow 
tape to 72" 
High production rates 
Fully automated 
Resin rich areas unlikely 
Fiber volumes to 50% 
Small bias angles difficult 
Cannot use carbon for 
z-fiber stitches 
Lengthy adjustments for 
machine knitting width 
Angle change, ply orienta­
tion, and width changes 
are not automated 
Limited to 0.25" thickness 
Moderate to high produc­
tion cost per yard 
No 3-D, No near net shape 
Multiaxial Malimo 
Warp Knit 
[9,11,13] 
Four yarn layers 
Bias angles from 30° to 60° 
Up to 100" knitting width 
High production rates 
Low production cost/yard 
Fully automated 
Few resin rich areas 
Fiber volumes to 55% 
Impaling stitch mechanism 
Lengthy adjustments for 
other than 45° bias and 
for knitting width 
No high modulus fibers 
12 yarns/inch/layer limit 
Angle change, ply orienta­
tion and width changes 
are not automated 
Limited to 0.25" thickness 
No 3-D, No near net shape 
Multiaxial Weft Insertion 
Systems 
[9,13,17] 
Four yarn layers 
Inifinite bias angle range 
(30° to 60° preferred) 
Non-impaling stitching 
Up to 1" fabric thickness 
40" to 60" knitting width 
No high modulus fibers 
12 yarns/inch/layer limit 
Moderate fiber volumes 
Some resin rich areas 
Lengthy adjustments for 
machine knitting width 
High production overhead 
No 3-D, No near net shape 
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Table 2 (continued) 
Weaving Technique Advantages Disadvantages 
Multiaxial Warp Knit 
[9,11,13] 
Raschel Weft Insertion 
Warp Knit 
[9] 
Double Bias Matt 
[9] 
Triaxiai Weave 
[9,11,18] 
Six yarn layers 
Bias angles from 0° to 50° 
72 yarns/inch/layer maximum 
Machine widths 25", 50", 100" 
Very high production rates 
Fully automated 
Few resin rich areas 
Fiber volumes to 80% 
Non-impaling stitches 
Four yarns per layer 
+45° fiber lay-in 
High modulus fiber lay-in 
Up to 100" knitting width 
Moderate production rates 
Low to moderate production 
Fully automated 
Part thicknesses to 2" 
3-D 
I-beam preforms 
Eight yarn layers 
Bias angle range 30° to 60° 
Up to 45 yarns/inch/layer 
High modulus fibers in layers 
Knitting width from narrow 
tape to 72" 
Fully automated 
Few resin rich areas 
High fiber volumes 
Non-orthogonal structure 
High in-plane shear 
resistance 
Impaling stitch mechanism 
High modulus fiber difficult 
No high modulus z-fibers 
Lengthy adjustments for 
machine width 
Moderate to high produc­
tion costs 
Angle change, ply orienta­
tion and width changes 
are not automated 
Less than 0.25" thickness 
No 3-D, No near net shape 
Bias angle length restricted 
to 2" zig-zag pattern 
16 yarns/inch/layer limit 
No knit high modulus fibers 
Lengthy adjustments for 
machine width 
Width change not auto. 
Many resin rich areas 
Low fiber volumes 
Bias yarns only layed in 
one layer if knitted 
Highly impaling stitching 
No high modulus z-fibers 
Lengthy adjustments for 
machine width 
Low production rates 
Angle change, ply orienta­
tion and width changes 
are not automated 
Less than 0.125" thickness 
No 3-D, No near net shape 
No high modulus fibers 
Large resin rich areas 
Low fiber volumes 
No 3-D, No multilayering 
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plications are found for a technology and the technology is developed to a useful stage 
before serious attention is given to the assessment of quality. In the case of textile 
composites, however, this approach is not practical. An adequate assessment of com­
ponent quality is essential in the early stages of the development process, and may be 
an equally important or driving technology. Textiles will neither experience significant 
use nor will they gain widespread favor until the scatter in the mechanical data is 
reduced. This scatter is due largely to variations and distortions in the textile architec­
ture, as discussed previously. Early introduction of appropriate NDE techniques offers 
the potential to optimize the weaving and curing processes to minimize such distor­
tions, thereby producing samples with reduced mechanical variations. A review of the 
basic ultrasonic NDE techniques used in this research, however, is appropriate. 
The basic principles of ultrasonic nondestructive evaluation have been well es­
tablished and certain techniques are accepted as industry standards [19-21]. The 
most frequently used inspection techniques for composites utilize either longitudinal or 
shear waves in through-transmission or pulse-echo configurations. The longitudinal 
wave is a compression wave in which the particle motion direction is the same as the 
propagation of the wave. The shear wave is a wave motion in which the particle mo­
tion direction is perpendicular to the direction of propagation. These waves are illus­
trated in Figure 5. Other forms of sound propagation exist, including surface (Rayleigh) 
waves and plate (Lamb) waves, but these are not widely used in composite materials. 
The transducer arrangement for contact-mode through-transmission ultrason­
ics is shown in Figure 6. Ultrasonic waves are sent from a transmitter through the part 
and to a receiver on the other side of the part. Since high frequency ultrasonic waves 
do not propagate well in air, this technique is particularly useful for locating regions 
within the composite that are not bonded or which contain voids. Typical flaws of this 
nature include porosity, disbonds, delaminations and weakly bonded inclusions. Pulse-
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Figure 5. Longitudinal and shear wave propagation. 
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Figure 6. Through-transmission ultrasonics in the contact mode. 
echo investigations follow the arrangement of Figure 7. Ultrasonic waves are transmit­
ted and received by the same transducer. As the ultrasonic wave travels through the 
part, some of the energy is reflected from interfaces within the part. This feature makes 
pulse-echo inspections particularly useful for detecting included materials, because as 
long as the acoustic properties of the inclusion differ from those of the host material a 
reflection should be present at the boundary. Note that either of these arrangements 
may be performed as contact (shown in Figures 6 and 7) or immersion experiments. 
Contact experiments require no special facilities, and thus are useful for localized 
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Figure 7. Pulse-echo ultrasonics in the contact mode. 
inspections on-site. These probes require a liquid or gel couplant, however, to ensure 
adequate transmission of energy. Immersion experiments allow the transducers to be 
separated by first coupling the ultrasonic wave to a fluid medium (usually water). This 
offers the advantages of inspection beyond the near-field variations of the finite aper­
ture of the transducer and also allows for the use of focused beam transducers, wherein 
the ultrasonic energy is focused to a much smaller region within the sample. Fuither-
more, this technique lends itself to automated inspections, allows for inspections at 
varied angles of incidence, facilitates inspection of curved surfaces and is less sensi­
tive to surface roughness. 
The data from these investigations are typically presented in one of three forms, 
as shown in Figure 8. In the A-scan presentation the horizontal base line on the screen 
indicates elapsed time and thus represents the depth of the specimen. The vertical 
axis represents the amplitude of the signal response, which is proportional to the inten­
sity of the transmitted or reflected beam. This signal is commonly referenced when 
only a single location or point measurement is required. The B-scan uses a series of 
A-scan signals, but displays the data in a different pattern. In a B-scan the horizontal 
axis represents position, the vertical axis represents time (depth) and the color or shade 
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represents amplitude. Thus, a B-scan gives a cross-sectional image of a sample. 
Finally, a C-scan presentation is a plan view of the sample being tested. Horizontal 
and vertical axes represent spatial position, and color (shade) represents amplitude. 
The primary use for ultrasonic investigations in composites is to locate manu­
facturing defects. One of the most prevalent defects in the manufacture of composites 
is porosity, or small air bubble inclusions within the resin matrix. Consequently, a 
significant amount of research has been undertaken to quantify the relation between 
porosity and ultrasonic measurement parameters [22-31]. The most clear relation is 
seen to exist between attenuation, or the inherent lossiness of a material, and the 
amount of porosity within the matrix. This is because for small amounts of porosity, 
typical in samples of reasonable quality, the relation is linear. Correlations to porosity 
have also been demonstrated for the slope of the attenuation curve and for the center 
frequency shift of the transducer response. 
Ultrasonic velocity is dependent on the stiffness of the material, and thus time of 
flight measurements may be used to calculate material elastic constants [32-42]. This 
Position, 2 Position, x ^ 
A-scan B-scan 
Figure 8. Ultrasonic presentation formats. 
Position, x 
C-scan 
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is a manageable task for uniaxial composites, but becomes rather difficult for arbitrarily 
oriented laminar composites and is impractical for three-dimensionally reinforced tex­
tile composites. This is because uniaxial composites require only 5 independent mea­
surements to fully characterize the stiffness matrix, whereas symmetric laminar com­
posites with arbitrary lay-up require 9 and three-dimensional textiles would require 21. 
Furthermore, for the textiles there is likely to be a spatial dependence due to significant 
variations in local fiber architecture within the unit cell. 
The most complete work on wave propagation through three-dimensional me­
dia is undoubtedly Auld [21]. Beyond the presentation of wave propagation through 
solid material, including layered or regularly ordered structures, this reference tabu­
lates the governing equations for a wide variety of anisotropic solid microstructure. 
Further discussions by Auld on this topic may be found in Reference 43. 
Some ultrasonic experimentation is on-going for three-dimensional braids. These 
materials are the most similar to conventional laminar composites, and thus are the 
most evolved of the textiles. Studies confirm that even in these relatively simple textile 
structures the existence of the three-dimensional reinforcement complicates inspec­
tion [44,45]. Disparities between experiment and theory are attributed to the regular 
geometric structure of the 3D braid. 
Remaining activities in the textile arena appear to be focused on the detection 
of composites with wavy layers [46-48]. This is useful experimentation as undulations 
are prevalent in textiles and have been shown to have an effect on mechanical perfor­
mance, as will be discussed in the following section. These studies have accom­
plished the detection of waves, but to date there has been little success in the actual 
characterization of interna! wave structure. 
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Mechanics of Textile Composites 
Research to date in the area of textile composites has primarily focused in two 
areas: mechanical testing and modeling. To date, these two research areas have not 
been adequately linked together. Consequently, the development of analytical models 
has not benefited greatly by the mechanical testing. 
A variety of textile fiber architectures have been evaluated through mechanical 
testing. Studies to date have focused on the strength, stiffness, fracture toughness, 
and damage tolerance of the material. Test methods used are similar to those com­
monly used for laminar composites, with some modifications becoming necessary be­
cause of increased specimen thickness. While these studies are generally successful 
at determining material properties, they have been of limited use in developing im­
proved textile composites, since an understanding of the modes of deformation and 
the cause of failure are not readily available. Assessing the effects of a given variable 
in the textile architecture generally has been accomplished through a series of tests 
that characterize the variable. 
Perhaps the largest mechanical testing program has been performed on multi-
axial warp knits. This fiber architecture is a combination of in-plane weaving and out-
of-plane knitting. Unidirectional tows or layers are woven together with fill fibers that 
comprise only two percent of the total fiber weight. This weaving serves to hold the 
tows together for improved handling. Next, these layers are stacked in the desired 
orientations and knitted through-the-thickness, usually with a piercing knit stitch mecha­
nism. Finally, these preforms are manufactured into composite structures by resin 
transfer molding. A cross-sectional view of a multiaxial warp knit composite is shown 
in Figure 9. Research on multi-axial warp knits has been ongoing at NASA Langley 
Research Center since the mid-1980s. Work has focused on evaluating stitch configu-
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Figure 9. IVIultiaxial warp knit material. 
rations under a variety of load conditions [49-51]. Variables studied include the stitch­
ing material, direction, pitch, and row spacing. Loading conditions studied include 
tension, compression, post-impact compression, open-hole compression, compres­
sion fatigue, fracture toughness, and thermal cycling. Results have shown that stitch­
ing greatly increases delamination resistance, fracture toughness, impact resistance, 
open-hole compression strength, and fatigue resistance. In many cases, however, a 
decrease in static strength from similar unstitched material is seen. These efforts have 
been entirely experimental and have not invoked analytical models to explain the ef­
fects of stitching variables on material performance. 
Similar types of tests have been performed on knitted fabrics [52] and braided 
fabrics [53]. Results consistently show that increased damage resistance and 
interlaminar performance come at the expense of in-plane strength. 
More recently, a focus group of industry and university researchers has been 
organized and directed through NASA-Langiey Research Center. This Mechanics of 
Textile Composites Working group has made significant contributions to the field of 
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textile mechanics. Primary activities have included development of analytical methods 
and modeling techniques, macromechanical (traditional) and micromechanical (moire 
interferometry) experimental testing, investigations into failure modes, and a basic out­
line of standard practices for textiles [54]. Significant accomplishments include the 
discovery that accurate average strains are only obtained if strain gage sizes are large 
enough to include several unit cells, and the establishment of a substantial database 
of material properties. This testing, as in all testing of textile composites, contains 
large scatter presumably due to variances in actual as-tested fiber architecture (as 
discussed in ensuing chapters). Furthermore, various analytical methods utilizing fi­
nite element techniques have been shown to be effective for predicting mechanical 
properties, though perhaps only for the simpler weaves (again due to variances in 
actual fiber architecture in the as-cured state). 
Many analytical models have been proposed for predicting the mechanical prop­
erties of textile composites. The model complexities vary greatly, from simple strength 
of materials approximations to complex three-dimensional finite element analyses. A 
majority of the modeling efforts to date have addressed the prediction of in-plane stiff­
ness of two-dimensionally woven fabrics. 
A recent review of analytical models for textile composites is available in Refer­
ence 55. in this review, analytical models developed to date are placed into three 
categories: strength of materials models, laminate theory models, and numerical mod­
els. The first category, strength of materials models, is the simplest but the models 
have limited ranges of applicability and are not widely used. The second category, 
laminate theory models, relates the response of an individual fabric layer to the behav­
ior of the laminated plate in the manner used in classical lamination theory. Laminate 
theory models are limited to two-dimensional fabrics and address only the in-plane 
20 
elastic properties of the material. These models range in complexity from simplified 
cases of neglecting fiber undulation and crimp (mosaic model), to accounting for the 
undulation in plane weaves (fiber undulation model) and satin weaves (bridging model). 
The latter two models account for the increased material compliance caused by fiber 
undulation but do not predict stress and strain concentrations at fiber crossovers. For 
these types of predictions the third category, numerical models, is generally required. 
A majority of all numerical models employ the finite element method. In these models, 
a unit cell geometry is selected that contains a single repeating pattern of the textile 
composite. Suitable boundary conditions are placed on the outside surfaces of the 
unit cell to simulate the presence of the identical surrounding cells. Depending on the 
complexity of the unit cell, either a two-dimensional or three-dimensional finite element 
analysis is required. For three-dimensionally reinforced materials, the complexity of 
the unit cell has led some researchers to divide the unit cell into several subcells where 
the geometry is more easily defined [56]. Other researchers have posed simplifying 
assumptions and analyzed the entire unit cell with a three-dimensional finite element 
analysis [57]. Such types of analyses are best suited for determining strength proper­
ties and failure modes for textile composites. 
Raju et al. [55] conclude their review of models for textile composites with the 
remark: "...there is a general lack of experimental data to support the verification of 
these models. Considerable nonstandard experimental data are required from a vari­
ety of woven fabric and braided composites to fully validate the numerical models." 
The experimental method which is presently considered the most useful to link model 
development to mechanical testing is moire interferometry. 
Moire interferometry is an experimental technique which is capable of determin­
ing deformations of individual constituents within the unit cell. This technique may serve 
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as a bridge between the global material response obtained from mechanical testing 
and the local deformations required to verify the unit cell models. Moire interferometry 
is an optical technique that produces whole-field contour maps of displacement com­
ponents on a flat surface. Shear and normal strains may be determined from the 
displacement gradients. Moire interferometry is well established and highly sensitive, 
capable of determining strains within individual plies of laminar composites. 
The principle of moire interferometry is illustrated in Figure 10. A crossed-line 
diffraction grating is replicated onto a surface of the specimen. A virtual reference 
grating is formed in front of the specimen grating by the interference of two coherent 
light beams at specified angles. Under an applied load, the specimen grating (which 
deforms with the specimen) and the reference grating interact to produce the moire 
fringe patterns of displacement. A more detailed description of moire interferometry is 
available in Reference 58. 
specimen Grat ing 
I  ^Grot ing Virfuol Referonca 
Groting 
Camera 
Lens 
Fringes 
Figure 10. Principle of moire interferometry [58]. 
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The optical arrangement for moire interferometry is shown in Figure 11. Inci­
dent laser light is focused through a pinhole beam expander (BE). The diverging beam 
is reflected from a plane mirror (Ml) and collimated by a parabolic mirror (PM). The 
parabolic mirror also serves to redirect the light towards the three mirror interferom­
eter. Mirrors A and B of the interferometer are used for the vertical, or V displacement 
field. Mirror C is used for the horizontal or U displacement field. The two displacement 
fields are viewed independently by blocking the portions of the incoming beam that 
strike the unwanted set of mirrors. A shutter and camera system are used to record 
each displacement field at the desired load level. Strains are calculated from gradi­
ents in the displacement contours. 
Specimen 
Camera 
lens 
BE 
Beam ol 
collimated 
laser light 
Camera 
bach 
LB 
PM 
Figure 11. Optical arrangement for moire interferometry. 
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The specimens are compressively end-loaded by means of a wedge loading 
fixture (Figure 12) mounted directly to the optical table. The compressive load is gen­
erated by advancing one wedge inward, which forces the adjoining wedge to displace 
upward along the sample axis. The present fixture has a load capacity of 44.5 kN (10 
kip). Alignment is ensured by incorporating a combination of rotation and translation 
stages (Figure 13) between the bottom of the sample and the lower contact plate of the 
load fixture. 
Of utmost importance to accurate experimental results is the process of tuning 
the interferometer. One must be confident that the unstrained specimen grating and 
the reference grating are identical (a null field with no fringes is present) so that the 
interference patterns are due only to specimen straining. A detailed description of the 
steps for tuning this interferometer are provided in Appendix 1. 
An example of the usefulness of moire interferometry to study the deformations 
in composites is illustrated in Figure 14 [59]. In this experiment, a thermoplastic cross-
Figure 12. Wedge loading fixture for compression testing. 
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Figure 13. Rotation and translation stages ensure sample alignment. 
ply laminate with an intentionally fabricated layer wave is loaded in compression (Fig­
ure 14a). The associated fringe patterns of displacement, Figures 14b and 14c, have 
the layer interfaces superimposed to aid interpretation. Where the fringes are closely 
spaced, the displacements are changing more rapidly; consequently the strains are of 
greater magnitude. Qualitatively, high strain zones within the fringe pattern are readily 
apparent. To calculate the numerical values of strain, one must accurately measure 
the distances between adjacent fringes. An example of quantitative strain measure­
ment is shown in Figure 14d for strains along an interface of the wavy layer and an 
adjacent layer. 
Layer waves of this sort have been studied extensively in recent years due to 
their existence in thick section composite laminates. These defects are produced by 
distortions during curing, and have been shown to cause significant reductions in com­
pression performance [60-63]. Failure in compression loading is commonly associ­
ated with high interlaminar shear and/or high interlaminar normal stresses [64-67]. 
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Figure 14. Moire interferometry for investigating layer waviness in composites [59]. 
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Investigations into the geometry of these undulations have indicated that wavelength 
is the most significant contributor to the reduced compressive failure load for isolated 
wave samples [68,69]. Further investigations into the effects of symmetrically nested 
arrangements of waves has shown that wave severity (amplitude) is also a driving 
parameter, but that there is little to no interaction among waves [70]. This reference 
utilized moire methods for investigation of interlaminar strains. Other investigations 
using moire techniques to investigate waviness are discussed in References 71-73. 
Strains along wavy fiber paths in a textile composite may be measured in a 
manner identical to that described previously for samples with wavy layers. The infor­
mation provided by moire interferometry analysis of textile composites could lead to a 
better understanding of the load-carrying mechanisms, strain concentrations, and fail­
ure modes in textile composites. Thus, moire interferometry could serve as the neces­
sary link between mechanical testing and analytical modeling. However, experiments 
discussed in Chapter 8 will address some of the limitations of this technique for tex­
tiles. 
Of particular importance is the realization that moire interferometry is a surface 
technique, and thus it is limited to measuring surface strains. Significant research has 
addressed the variations between surface or "free-edge" strains and strains within the 
laminate [74-76]. Research into analytical methods to predict these free-edge effects 
is also well documented [77,78]. The primary influence appears to be on interlaminar 
shear, which is a theoretical singularity at the free-edge for laminates with angle ply 
reinforcement. Investigations using moire techniques have shown that experimentally 
obtained interlaminar shear strain concentrations for angle-ply laminates can be as 
high as five or six times the applied axial strain, due merely to the fact that the strains 
are measured at a free-edge [79]. The focus of these investigations was to character­
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ize the maximum strain concentrations at the free-edge, thus the laminates examined 
have relatively large angles of fiber orientation at the free-edge. However, moire inter-
ferometry is extremely sensitive to very small variations in in-plane fiber alignment. 
This sensitivity is explored in Chapter 8. 
Summary 
The scope of this dissertation is fairly broad. There is significant activity in 
many realms of investigation in textile composites, but only recently have significant 
efforts been made to address issues simultaneously. This dissertation will address 
several key aspects within the general topic of textile composites: fabrication tech­
niques for idealized textile composites, ultrasonic nondestructive evaluation techniques, 
and experimental methods for mechanical performance of textile composites. Although 
the structure of the document may appear confusing and disjointed at first, taken as a 
whole the organization will facilitate a dissemination of the knowledge gained in this 
research project. 
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Abstract 
This paper summarizes a newly developed fabrication technique which has been 
demonstrated to be effective for producing textile composites with controlled fiber 
architecture. This technique is well suited to the investigation of localized flaws, nesting 
flaw patterns, and controlled stacking arrangements for textile fabrics. 
Motivation 
Properties of a composite material are a function of the type and orientation of 
constituent materials, as well as the interaction of these constituent materials. It is well 
established that flaws within a composite material affect the mechanical properties. 
Flaws inherent to conventional, thin laminates (microcracks, delaminations, porosity 
and resin rich zones) will not be addressed here as they may result from any composite 
manufacturing operation. Further, such flaws are detectable using established tech­
niques and have well documented effects on mechanical properties [1,2]. Rather, we 
will address fiber misorientation defects, which are inherent to thick section laminates 
and textiles. These defects are more subtle in nature, and are more difficult to detect 
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using established techniques. While less significant under tension loading, fiber 
nnisorientation defects have been shown to produce significant reductions in compres­
sion strength. 
Recent studies have addressed the effects of fiber undulations and misalignment 
on mechanical properties of composite laminates, particularly in compression [3-8]. The 
data supports a common qualitative trend — that both severity and density of fiber 
waviness or misalignment adversely affect compression performance. Quantitative 
assessments of these effects are difficult to establish due to limitations in controlling the 
formation of these defects during manufacturing. Furthermore, investigating interac­
tions of nested flaws within the laminate is not feasible with present manufacturing 
techniques. This problem is further complicated in three-dimensionally reinforced 
composites, which exhibit a far more complex fiber architecture. 
Present techniques used to manufacture textile composites offer minimal control 
overfiber orientation (or misorientation). One technique involves laying-up the material 
from pre-fabricated two-dimensional laminated cloth sheets. During resin infiltration 
and cure, these sheets may distort or move relative to one another. An alternate 
technique uses woven textile preforms which must be compacted and resin infiltrated 
in a separate mold (again with no control over distortion of original fiber architecture 
during compaction). The techniques proposed provide control over fiber orientation 
during compaction and cure, and thus allow production of textile composites with ideal 
fiber architectures. 
Hardware Design 
Hardware designed by the authors to allow for control of fiber architecture during 
compaction and cure is shown in Figure 1. The nesting frame loom allows the manu-
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Figure 1. Nesting frame loom. 
facturer to weave the textile composite and cure undertension to ensure fiber alignment 
(both in-plane and through-the-thickness). The current process has evolved from 
numerous iterations, in which various tensioning mechanisms, reed or comb mecha­
nisms, and curing techniques were explored. 
The nesting frame loom consists of an aluminum body adjustable in two 
directions with machined slots for insertion of combs with variable tooth density. The 
tooth density can thus be matched to the specific requirements of the weave geometry 
(unit ceil size, tow size and fiber volume). Note the set screws within the machined slots 
which ensure correct positioning of the combs, and the use of a close tolerance cap to 
prevent unnecessary bending of the teeth during tensioning. The composite may be 
fabricated using dry fiber tows or resin impregnated tow material (towpreg). In either 
case, tows are woven or wrapped around stationary comb teeth. Additionally, pre-
woven fabrics, either dry or resin impregnated, may be pierced over the combs and held 
in place with external clamps. Stationary positioning of the teeth coupled with the ability 
to apply tension to straighten fibers ensures alignment of the fibers during compaction 
and curing. 
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One important feature of the loom is the ability to seal the area of the composite 
to develop the required resin pressure during curing. This is presently accomplished 
using vacuum sealant tape placed around the periphery of the compaction plates both 
above and below the composite. During compaction, this sealant is forced through the 
thickness of the composite, and effectively seals the composite during curing. Success 
of this technique has been demonstrated for curing resin impregnated samples as well 
as samples requiring resin film infusion. The curing arrangement for pre-impregnated 
samples is shown in Figure 2. If dry fiber is used, or if there is a desire to add additional 
resin, the curing arrangement requires the addition of a degassed resin film. This film 
is placed between the lower compaction plate and the sample within the boundaries of 
the vacuum sealant tape, as shown in Figure 2. Fabrication of these films is addressed 
in detail in Reference 9. 
^ Hot Press Upper PI 
Loom Lid (Upper C( 
Vacuum Sealant Tape 
laten 
ompaction Plate) 
Degassed Resin Film 
(If Required For Resin 
Film Infusion) 
Sam{ 
- Loom 
Vacuum Sealant Tape 
Hot Press Lower Platen 
Lower Compaction Plate 
Figure 2. Curing arrangement. 
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Aluminum compaction plates in contact with the specimen ensure uniform 
heating of the composite. These aluminum plates are in direct contact with the heated 
hot press platens, and have sufficient thermal conductivity to transfer heat to the 
specimen. Thus, the nesting frame loom allows for application of heat and pressure to 
the composite, as required for curing. 
Results 
Representative samples cured on this loom are compared to a conventionally 
manufactured two-dimensional woven composite material in Figure 3. These examples 
demonstrate intentional imperfections in an otherwise ideal laminate (nested and single 
isolated waves in a two-directional composite), various controlled nesting patterns for 
two-dimensionally reinforced woven composites, and three-dimensional orthogonal 
fiber architecture. Note that the conventionally manufactured material exhibits random 
positioning of fiber undulations, whereas samples cured on the loom exhibit specific, 
Nested Waves Single Waves Stacked Nest Diagonal Nest Split-Span Nest 3-D Orthogonal Conventional 
Figure 3. Representative samples cured on the nesting frame loom. 
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intentional connbinations of nested or stacked undulations. This demonstrates the 
unique and desirable capability to produce samples with idealized fiber architectures. 
These samples are desirable for investigating the interaction of fiber undulations and 
their compounding effects on mechanical performance. 
Quality of samples cured on the nesting frame loom has been verified for porosity 
using microscopic evaluations and for fiber orientation and conventional flaws (cracks, 
delaminations, and inclusions) using ultrasonic non-destructive evaluations . Porosity 
levels have been found to be less than one percent, well within accepted industry 
standards. Ultrasonic C-scan images used to detect imperfections have not only verified 
the quality of the composite, but also the consistent positioning of fiber architecture. This 
is illustrated in Figure 4, which is a pulse-echo scan of a sample fabricated to contain 
an intentional double wave. The center ply C-scan image indicates the existence of the 
wave and confirms that the wave maintains alignment across the length of the sample. 
Mechanical testing is presently underway to assess the effects of fiber architec­
ture imperfections, nesting and three-dimensional architecture on stiffness and strength. 
Included is conventional mechanical testing, moire' interfere metric testing , and ultra­
sonic testing. 
Section A-A 
Figure 4. Pulse-echo ultrasonic C-scan verifies uniform positioning of fabricated 
double wave. 
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Applications 
Use of Cure-on-the-Loom techniques have been verified for plate technology. 
The ability to fabricate samples with controlled nesting will be useful for determining a 
statistical database of mechanical property reductions in textile composites. Guidelines 
on mechanical property reduction as a function of fiber architecture will allow greater 
performance, and may allow reduced testing on future textile composites. This reduced 
testing could provide cost reductions in qualifying new textile product forms fabricated 
from industry accepted constituent materials. Samples with controlled fiber architec­
ture will also be useful for comparing experimental results to predictions made using 
finite element models, which for simplicity are produced using ideal fiber architecture. 
The few studies which have attempted to model actual fiber orientations have not been 
compared to experimental results due to the inability to fabricate samples with 
controlled fiber architecture. The study of nested fiber undulations is essential when 
three-dimensional fiber architectures are considered, as they inherently contain nested 
repeating patterns of fiber undulations. 
Industrial applications forthis concept include a wide variety of woven or braided 
shapes. The proposed approach is forthe weaverto infiltrate the parts on the loom, thus 
allowing improved compression performance through controlled fiber architecture. 
Specific applications include stiffeners or stiffened plate sections, beams, lugs, fittings, 
tubes or practically any shape presently producible by textile manufacturing techniques. 
These can also include assemblies, such as bicycle frames, aircraft wing, fuselage or 
empennage sections, and trusses or beam assemblies for large-scale civil construction. 
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Conclusions 
This paper has addressed concepts and hardware shown to be effective for 
producing samples with controlled fiber architecture. The need for concepts and 
hardware such as those proposed is established by the present lack of manufacturing 
technology to control fiber orientation during cure, and the desire of researchers to 
obtain samples with controlled fiber architecture. Use of these methods for more diverse 
industrial applications is justified by potential mechanical property improvements as well 
as potential reductions in cost of the components produced. 
References 
1. K.L. Reifsnider, ed., Damage in Composite l\/Jaterials: Basic Mechanisms, Accumu­
lation,Tolerance and Characterization, American Society for Testing and Materials 
(ASTM), 1982. 
2. D.J. Wilkins, chair, Effects of Defects in Composite Materials, ASTM, 1984. 
3. H.J. Garala, David Taylor Research Center Report DTRC-89/016, Bethesda, MD, 
1989. 
4. D.O. Adams and M.W. Hyer, Journal of Reinf. Plastics and Composites 12 (4), pp 
414-429, 1993. 
5. D.O. Adams and M.W. Hyer, International Journal of Fatigue, in press. 
6. H.K. Telegedas and M.W. Hyer, Journal of Reinforced Plastics and Composites 11 
(2), 1992. 
7. T.A. BogettI, J.W. Gillespie Jr. and M.A. Lamontia, Journal of Thermoplastic 
Composite Materials 5 (4), 1992. 
8. A.M. Mrse and M.R. Piggott, Composite Science and Technology 46 (3), 1993. 
9. M.H. Weideman, A.C. Loos, H.B. Dexter and G.H. Hasko; Virginia Polytechnic and 
State University, Report VPI-E-92-05, February, 1992. 
43 
CHAPTER 3. FABRICATION PARAMETERS FOR IDEALIZED 2D AND OR­
THOGONAL 3D TEXTILE COMPOSITES 
Introduction 
Composite materials are now being considered for many primary structural ap­
plications where greater part thicknesses are required than in the past. New require­
ments are being placed on these composites, often involving greater material perfor­
mance in the out-of-plane direction. Since a majority of composite structures are fab­
ricated in a laminar fashion using prepreg sheets, no reinforcing fibers are oriented 
through-the-thickness of the laminate. These materials therefore have an inherent 
weakness in the through-the-thickness orientation. In addition, they tend to have poor 
interlaminar shear strength. Thus, laminar composites are susceptible to delamination 
and have limited damage tolerance. Even under in-plane loading, geometric anoma­
lies such as holes, notches, and imperfections produce high interlaminar stresses and 
degrade structural performance. 
The reduced interlaminar strength of laminar composites often leads to increased 
structural weight. Issues such as damage tolerance and stress risers often control the 
structural weight so that the strength and stiffness requirements are exceeded [1]. In 
many applications, improvements in the interlaminar strength of composite materials 
will result in structural weight reductions. Thus, a great deal of research has focused 
on increasing interlaminar strength. Toughened resin systems, resin interleafs be­
tween layers, and buffer strips have led to modest improvements. Through-the-thick­
ness fiber reinforcement, however, appears to offer the greatest improvements in 
interlaminar strength. These "textile composites" virtually prevent conventional delami-
nations from occurring and produce increased damage resistance. 
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Currently the most popular method of manufacturing textile composites involves 
fabricating a dry fiber preform, placing it inside a mold, and infiltrating with resin. This 
methodology is known as resin transfer molding (RTM). Cost savings of as much as 
50% may be obtained using the RTM process as compared to hand layup [1], Many 
three-dimensional fiber architectures are currently being evaluated. To date, no single 
architecture has gained widespread acceptance. Since requirements vary among 
applications, no one fiber architecture is best suited for all applications. Textile com­
posites involving weaving, braiding, stitching, knitting, and combinations of these are 
currently being evaluated. For many structural applications, only a small percentage 
of the fiber oriented through-the-thickness is needed to adequately increase damage 
tolerance, lower defect sensitivity, and prevent delaminations. 
The increase in the interlaminar strength of textile composites generally comes 
at the expense of in-plane material properties, however. Several contributing factors 
have been identified. The addition of through-the-thickness reinforcement reduces the 
volume fraction of in-plane reinforcement, leading to lower strength-to-weight and stiff­
ness to-weight ratios. In addition, fibers oriented three-dimensionally cannot pack as 
tightly as when oriented two-dimensionally, so reduced fiber volume fractions are ob­
tained. This decrease in the fiber volume fraction reduces the in-plane strength and 
stiffness. Perhaps most significant, however, are the curvatures produced in the in-
plane fibers by the addition of through-the-thickness reinforcement. Fiber curvature 
has been shown to drastically reduce the compressive strength as well as the tensile 
and compressive stiffness [2]. Finally, processes such as through-the-thickness stitching 
may produce damage to the in-plane fibers within the preform. These issues and 
others are currently under investigation. 
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The difficulty in assessing the influence of various fiber architecture features on 
mechanical performance is attributed to large scatter in experimental test results and 
poor correlation to analytical (finite element) predictions, particularly for three-dimen-
sionally reinforced (3D) textiles. The scatter is likely due to significant variations in as-
cured fiber architecture among the samples tested. Poor correlation to analytical pre­
dictions is either because the analytical models are not valid, or because the samples 
being tested do not accurately reflect the idealized fiber architecture which is being 
modeled. In reality, 3D composites have many flaws, consisting of fiber misalignment 
(Figure 1), broken in-plane fibers (Figure 2), microcracking, and resin rich zones (Fig­
ure 3). Each of these imperfections may have an effect on mechanical performance. 
Achieving correlation between experiment and theory requires either analyzing actual 
fiber architecture or testing idealized or controlled fiber architecture. The former is 
difficult to accomplish, because actual fiber architecture is known only at discrete sec­
tions (edges which can be visualized). Furthermore, one can not establish any statis­
tical distribution to the test data because each test specimen differs in actual fiber 
architecture. Finally, since the models required to define such complex geometry are 
large and since each test specimen requires a unique analytical model, the problem 
becomes computationally excessive. The latter approach offers the advantage of a 
single relatively simple analytical model which is valid for multiple test specimens (since 
identical samples can be fabricated), and thus is the path of choice. Note that ideal­
ized samples with no through-the-thickness reinforcement are also extremely useful 
for purposes of model verification, as one can isolate repeating textile patterns which 
are common in three-dimensionally reinforced textiles without the expense and com­
plexity of incorporating through-the-thickness reinforcement. This is illustrated in Fig­
ure 4, where the layer-to-layer angle interlock clearly demonstrates a repeating diago-
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Figure 1. In-plane fiber misalignment is common due to waviness and twisted tows . 
Figure 2. Damage to in-plane fibers is common due to the rigorous weaving process. 
Figure 3. Microcracking and resin rich regions are typical in textile composites. 
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3D Weave 
Layer-to-Layer Angle Interlock 3D Braid 
Diagonal Nest Stack Nest 
Figure 4. 2D idealized sannples are representative of typical 3D textile nesting. 
nally nested pattern of fiber undulations. Sinnilarly, the 3D braid architecture demon­
strates repeating patterns of fiber undulations which are stacked directly upon one 
another. This paper, then, addresses fabrication techniques which are capable of pro­
ducing repeatable idealized fiber architecture in textile composites. 
2D Fabrication Methods 
Many methods for fabricating composite materials have been developed to date. 
Fabrication can be performed using a variety of product forms, such as those shown in 
Figure 5. Dry fibers and preimpregnated fibers are the primary product forms used. 
Different layup techniques and specific curing cycles greatly affect the outcome of the 
final composite material. 
The fiber type used for the majority of samples in this experiment is AS4, a high 
strength PAN-based graphite fiber [3]. Additional samples have been fabricated using 
IM7, an improved intermediate modulus PAN-based fiber [4]. These fibers are avail­
able in tow (spool) form or in cloth (sheet) form. The tows are defined by the number of 
filaments, typically 3K, 6K or 12K (3,000, 6,000 or 12,000 filaments/tow, respectively). 
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Prepreg Towpreg Dry Carbon Fibers 
Dry Carbon Fabric 
Figure 5. Composite product forms 
Cloth products used in this research consist of either plain weave or five-harness satin 
weave architecture. 
Once the selection of the dry fibers is completed, one must choose an appropri­
ate resin. Typical resins for this research include Hercules 3501-6 and 8551-7A ep-
oxies [3,4]. These are both qualified aerospace grade structural resins. 
A number of intermediate steps must be performed before using epoxy resin 
with dry fibers. First the number of layers in the composite material and the amount of 
resin must be determined. The specific requirements of the application define the ap­
propriate number of layers. The appropriate amount of resin was determined with the 
use of a resin infusion infiltration/cure model developed at Virginia Polytechnic Insti­
tute and State University (VPI&SU) [5]. An estimated 65 grams of resin was used for 
16 layers of 6K dry fiber fabric. The frozen resin was obtained in lumps which were 
crushed, melted, degassed, and compressed into the correct thickness and shape 
before infiltration and curing. 
To degas the resin, it was first crushed into small pieces. This allowed faster 
and more even melting and degassing. The crushed particles were placed in a mold of 
nonporous teflon to assume the shape of a 6 x 6 inch plate, corresponding to the size 
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of the curing mold. The resin was placed in a vacuum oven preheated to 212 °F , and 
a vacuum of 25 inches Hg was held for approximately 30 minutes. During this time, 
the resin melted and started bubbling as trapped gases escaped (Figure 6). The vacuum 
was released once during this process causing many of the larger bubbles to break. 
After approximately 30 minutes, the resin became flat and clear with only a few air 
bubbles on the top surface. Heating times over 30 minutes affect the properties of the 
resin, such that it flows poorly in the ensuing infiltration stage. After degassing, the 
resin was returned to the freezer to solidify before compressing, for ease of handling. 
Temp = 100 C 
Pvac = -96.5 KPa 
Tim* = 10 mln 
Resin Film Preparation Materials 
Hercul«s 3501-6 Resin Panicles Nonporous Release Film Baa 
Aluminum Conuin»r Degassed Resin Film 
Figure 6. Resin film preparation [5]. 
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Once degassed, the resin must be compressed to the desired thickness. Again, 
the VPl&SU model was used. This model predicted that a thickness of 0.075 inches 
would provide a proper resin ratio for 16 layers of 6K fiber tow. The resin was placed 
between two sheets of porous teflon, which allowed any excess air bubbles to escape 
during pressing. This assembly was then placed between two sheets of nonporous 
teflon to prevent resin from contacting the platens. The resin was heated to 100°F and 
pressed to the desired thickness in a Wabash hydraulic press. After compression, the 
resin was again returned to the freezer. 
The resin must be cut into a 6 x 6 inch square plate to fit into the steel well-and-
plunger mold for curing. To do this, the top portion of the mold (the tool used to cure 
the composite) was laid on the resin. The resin was then trimmed around the mold 
using a utility knife. This gave slightly more resin on the edges than desired, but 
allowed it to fit into the bottom part of the mold. 
For curing, a piece of nonporous teflon was placed in the bottom of the mold. 
Then, a plate of resin, layers of properly oriented carbon fibers, and another piece of 
nonporous teflon were placed in the mold. The lid or plunger of the mold was then laid 
on top to compress the layers below. This assembly was placed on an aluminum plate 
for support, surrounded by a bleeder cloth, and placed in a vacuum bag with the vacuum 
lead and a thermocouple inside or touching the mold. The entire assembly, shown in 
Figure 7, was placed between the platens of a hot press. Vacuum pressure was ap­
plied for approximately 30 minutes before the Wabash press was turned on to let re­
maining air bubbles escape. This vacuum was applied throughout the entire cure 
cycle. 
The vendor recommended cure cycle for the resin is slightly different from the 
procedure used in these experiments. The Wabash hot press was slowly increased to 
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Vacuum Sealant 
(Scaling Mech 
Heat and Pressure 
W M W I Sleel Plunger 
Mold Side 
vacuum Bag 
w///4w///////y//mw///////^ ^^ ^^  ^
Resin Panel 
Fabric Preforrn 
i t t t f t t 
Heat and Pressure 
Figure 7. Layup assembly for the well-and-plunger curing tool [5], 
Mold Botlom Plate 
Support Plate 
250 °F and held for one hour; a vacuum bag, though recommended, was not used for 
all of the composite samples. During this first hour, 80 psi of pressure was applied. 
This caused the resin to melt and begin to flow. Any excess resin flowed out of the 
mold through the top or the sides. The press was then heated to 350 °F and held for 
two hours at a pressure of 100 ±5 psi. The resin began to gel in the first few minutes. 
After two hours, the pressure was relieved and the composite was allowed to cool. 
After sufficient cooling, the mold was removed from the hot press, disassembled, and 
the composite was labeled for future reference. 
The resin infusion results for dry fibers were unexpected. The resin did not flow 
through all of the dry fibers, rather only 13 - 14 of the 16 layers were subjected to the 
resin. This was likely the result of resin leakage from the mold during the cure cycle. 
Further experiments revealed that the required amount of resin depends strongly on 
the particular tool. The resin infusion process was effective if approximately 10% more 
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resin than predicted by the VPl&SU model is used for the 6 x 6 inch mold. Cured 
composites have been cut and polished to investigate the fiber architecture. Early 
samples had significant porosity between layers. This was a result of resin which had 
not totally degassed before compression and air bubbles that were not evacuated by 
the vacuum. More recent resin film panels were of significantly higher quality, contain­
ing very little trapped gas, and as such the cured composites exhibited relatively little 
porosity. 
Preimpregnated fibers, also known as prepregs, can also be used to fabricate 
composite materials. Just like dry fibers, prepregs can be in tows or sheets. When in 
tow form, the prepreg is called towpreg. Both dry fiber strands and towpreg can be 
woven quite easily. To weave the strands together, a simple frame loom was used. 
This loom has combs on the sides to ensure fiber alignment and proper or ideal nest­
ing through-the-thickness. The original proof of concept loom consists of a wooden 
frame and four chrome-plated steel combs (Figure 8). The wooden loom has one 
movable side where the fibers can be pulled to a desired tension using bolts and wing 
nuts. The second loom was machined from aluminum (Figure 9). It differs from the 
first loom, in that it can be tensioned in two perpendicular directions. It is also able to 
conduct heat better during the curing cycle. In both looms, the combs are embedded 
into the wood or aluminum and held in place with screws. Both looms have lids which 
are used to hold the tips of the combs in place during the cure cycle, thus preventing 
bending. Before the loom was used, release agent (for heated molds) was sprayed 
onto the combs to ensure the cured composite would not be bonded to the loom. 
The curing process for the composite on the loom was much like the dry fiber 
process, however a vacuum was not used during the cycle. For the wooden loom, 
vacuum sealant tape was placed around the edges of two aluminum blocks (Figure 
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Figure 8. Original nesting frame loom. 
"'yiX >. tV^' 
Figure 9. Revised (aluminum) nesting frame loom. 
10). The aluminum blocks were placed above and below the composite and between 
the platens of the hot press. Similarly for the aluminum loom, vacuum sealant tape 
was placed on one aluminum block and around the periphery of the aluminum lid (Fig­
ure 11). The direct contact of the aluminum plates allowed the composite to be heated 
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Top of Loom 
Loom 
Aluminum Blocks 
• Vacuum Sealant 
Tape 
Towpreg 
Figure 10. Curing apparatus for nesting frame loom. 
evenly and transferred the proper pressure to the laminate. The curing arrangement 
is illustrated in Figure 11 (the aluminum loom is shown, but the arrangement is similar 
for the wooden loom). The temperature was slowly increased to 250 °F while an initial 
pressure of 80 psi was applied to compact the sealant tape. Once the aluminum 
reached 250 °F and the resin was seen to be flowing freely, the loom was tensioned by 
adjusting the expansion arm(s) of the loom. This adjustment pulled the fibers taut into 
proper alignment. The loom lid prevented the combs from bending during the applica­
tion of this tension. 
Weaving architecture is an important consideration in the fabrication of com­
posite materials. Many styles of weaving have been investigated in this research, 
including controlled nesting of conventional two dimensional fabric; intentional imper­
fections, such as waves, in an otherwise ideal laminate; and three dimensional archi­
tectures. Some examples of these are seen in Figure 12. Although the isolated wave 
samples can not be classified as textiles (since they have no interwoven fibers), they 
represent an idealization of the undulating layer architecture seen in all textiles. With 
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Press Lower Platen 
Figure 11. Curing assembly for nesting frame loom. 
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Random Nest 
Multiple Separated Waves 
Isolated Waves 
Stacked Nest (S-Harness) 
Stacked Nest (Plain Weave) 
Multiple Neighboring Waves 
Split-Span Nest (5-Harness) 
Split-Span Nest (Plain Weave) 
Diagonal Nest (5-Harness) 3D Orthogonal 
Figure 12. Representative samples fabricated using nesting frame loom. 
the loom, many different patterns or harnesses can be woven, and fiber volume frac­
tion can be altered. 
For the two dimensional weaves, tows were alternated in the 0° and 90° orien­
tations. The first weaves were done to check fiber volume. To do this, every other 
tooth on the comb was used to weave towpreg. After that composite was cured, it was 
evident that the fiber volume must be increased because there were gaps and resin 
rich regions between each visible strand. Every tooth was used on ensuing weaves to 
ensure that the weave was continuous on each layer. This produced the desired re-
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suits. Individual strands could no longer be seen, and layers appeared uniform. 
Nesting is also a feature of woven composites. Nesting is defined to be the 
interaction between undulations induced by warp tows in neighboring layers. Ideal 
composites can be fabricated which nest in a predicted manner. Figure 12 illustrates 
several examples of nesting. The stacked nest is characterized by the collimated 
arrangement of warp tows throughout the laminate. Similarly, the split-span nest is 
characterized by a split collimated arrangement of warp tows, and the diagonal nest is 
defined by a diagonal pattern of warp tows. An example of random nesting is also 
shown in Figure 12 for comparison. 
To investigate controlled nesting, a two-dimensional eight-harness weave was 
woven on the loom. To weave this architecture, one layer of unidirectional tow was 
threaded on the teeth. Every eighth tow was lifted on that layer by a knitting needle, 
which provided enough room to sew a towpreg threaded needle through the entire 
lower layer of lifted strands (Figure 13). Each time the tow was pulled through, the 
knitting needle was moved over by one tooth to continue the weave. Once one layer 
Figure 13. Layer weaving operation for 2D 8-harness satin nested samples. 
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was completed, another unidirectional layer was woven, and the process was repeated. 
While successful, this technique was very labor intensive. 
To facilitate more rapid production of nested architecture samples, a procedure 
for utilizing prewoven fabrics was developed by Breiling [6]. This tow placement method 
involved cutting prewoven fabric into 10 in. squares, removing warp and fill fibers to 
make placement on the loom easier, and clamping the fiber bundles to prevent fiber 
wash during consolidation. This process is illustrated in Figure 14. Curing the samples 
with this method was as previously described. 
Next intentional waves were woven in an othenwise ideal composite. The first 
three layers were threaded on the combs, such that even numbered layers would be 
oriented at 0° and odd numbered layers would be oriented at 90° in the cured laminate. 
On the third layer, the two strands beside the middle strand were lifted (Figure 15) and 
placed on top of the woven fourth layer. The middle strand of the fifth layer was woven 
under the fourth and threaded on its original tooth. The rest of the layers were sym­
metric with the first layers. This created a wave in the fourth layer, with otherwise ideal 
fiber architecture. These types of samples were useful for investigating the mechani­
cal influence of single waves, or the influence of wavy layers on particular combina­
tions of neighboring wavy layers. 
In summary, although the resin infusion procedure has successfully produced 
high quality laminates, preimpregnated product forms have shown greater success. 
Prepreg consistently produced high quality laminates. Prepreg samples had no visible 
porosity or resin rich regions. These samples were sectioned with a diamond saw and 
polished. Microscopic investigations up to 200x magnification revealed quality com­
posites, containing only a fraction of one percent porosity. 
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2. Remove excess warp and fill tows 1. Place two way tape on loom 
3. Place tows between teeth of combs 4. Secure fibers by pressing in two-way tape 
5. Clamp opposing ends and apply tension to fiber tows 
Figure 14. Tow placement method for fabricating nested 2D textiles [6]. 
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Picked Up Strands 
Figure 15. Weaving operation for placing isolated waves. 
3D Fabrication Methods 
Fabrication of three-dimensional orthogonal weaves was more time consuming 
than two dimensional weaves on the loom. For 3D orthogonal samples, 2.5 x 2.5 inch 
composites were woven on either the wooden or metal loom using both 6K and 12K 
towpreg (Figure 16). The cure process was performed as described previously. Once 
the composite was cured, it was allowed to cool in the loom assembly to prevent ther­
mal shock. The cooled composite was then cut parallel to the in-plane fibers using a 
diamond blade and polished. The finished samples were examined under a micro­
scope and the fiber architecture analyzed. In this way the weaving procedure could be 
altered according to the resulting as-cured fiber architecture of each sample. 
The first weaving method used the wooden loom and 12K towpreg for both the 
in- plane and the through-the-thickness fibers. The towpreg was woven about every 
other tooth on the combs and a total of thirteen in-plane layers were intenwoven in a 
plain weave architecture. The comb tooth spacing was 0.05 inch, and weaving to 
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Figure 16. Weaving operation for 3D orthogonal sample. 
every other tooth left enough space to sew through-the-thickness tows between every 
fourth in-plane tow. Unfortunately, when cured the spaces remained creating a very 
porous sample. The top and bottom tows were also pulled tightly together, leaving 
furrows on the sample surfaces. Also, intertwining the in-plane fibers created many 
waves, thus a simpler form of non-intenwoven in-plane fibers was chosen for ensuing 
samples. This form was more truly orthogonal, consisting of three straight and mutu­
ally perpendicular fiber directions. In order to reduce the porosity and fill the outer 
furrows, a layer of resin was placed on the top and bottom surfaces of the composite 
before curing. Unfortunately, the additional resin merely flowed out of the tool and the 
cured composite was still very porous. A higher tow density was required rather than 
just the addition of more resin. 
In the second method, the tow density was increased by spreading the fibers in 
thinner layers using 6K towpreg and by weaving even/ tooth on the combs. For the 
through-the-thickness fibers, 12K towpreg was used instead of 6K, because the 6K 
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towpreg experienced significant fiber breakage when sewn through the denser in-plane 
configuration. Weaving every tooth on the connbs left no spaces for the sewing of the 
through-the-thickness fibers, and as a result many in-plane fibers were torn as the 
through-the-thickness fibers were sewn through (Figure 17). 
In order to reduce the amount of torn fibers, a base of teeth was made to weave 
the in-plane layers around, retaining the spaces between the tows (Figure 18). This 
aided in sewing the through-the-thickness fibers, but some in-plane fibers were still 
torn. On closer examination of the sample the through-the-thickness tows were seen 
to experience significant buckling, and the top and bottom in-plane layers experienced 
crimping (Figure 19). There were also still problems with porosity and furrows on the 
outer surfaces. Another method was needed to reduce the porosity within the com­
posites and to prevent buckling of the through-the-thickness fibers. 
A third method was attempted to contain the resin and create smoother outer 
surfaces. In order to stop the grouping of tows on the top and bottom layers, the 
Figure 17. Torn in-plane fibers. 
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Figure 18. A separate base of teeth helps to retain spaces between tows. 
Figure 19. Buckling in the through-the-thickness tows. 
through-the-thickness fibers were sewn to alternate groupings on every other in-plane 
tow. This was intended to make more uniform surface layers (Figure 20). In an at­
tempt to contain the resin within the composite, vacuum sealant tape was placed be­
tween every layer. Unfortunately, the sealant tape was not effective for containing the 
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Figure 20. Sewing the through-the-thickness tows to alternate groupings of in-plane 
tows. 
resin within the sample since it was not compacted into the layers. Although the com­
posite was still porous, the surface layers were improved. 
In the fourth method, the fiber volume was increased by using 12K towpreg in-
plane and weaving every tooth on the combs. The base of teeth was used once again 
to allow sewing of the through-the-thickness fibers. This time 6K towpreg was used for 
the through-the-thickness fibers since there was ample room to sew through the 12K 
in-plane towpreg. Smaller tows were more advantageous in the out-of-plane direction, 
because the smaller tows caused less in-plane distortion. The results from this con­
figuration were encouraging. The crimping of the surface layers and the buckling of 
the through-the-thickness fibers were not as severe. The porosity was also reduced, 
but there were still problems with torn fibers and in-plane fiber misalignment. In-plane 
fiber misalignment was particularly bad in one in-plane direction, because the wooden 
loom only provided tension in the other in-plane direction, allowing fibers in the first in-
plane direction to distort during compaction and curing. 
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In order to correct for this nonuniform alignment, the metal loom was used. This 
loom could be tensioned in both in-plane directions while curing. The metal loom 
proved to be much better than the wooden loom in many respects. The composite was 
compacted better due to the more precise alignment and fit of the curing equipment, 
and the furrows on the surface of the composite were almost nonexistent. Although 
this sample appeared to have the best characteristics, microcracking was present within 
the layers closest to the surface. The problem with crimping was also still present, 
creating wavy surface layers (Figure 21). 
Attempts were made to correct the crimping of the in-plane surface layers of the 
composite by placing an additional layer of material on the top and bottom for the 
through-the-thickness tows to weave around. This additional layer would be removed 
in a subsequent operation. The first material, nonporous teflon, became porous during 
the cure cycle allowing much of the resin to seep through. This created a very dry and 
porous composite. It also did not impede the crimping of the outer in-plane layers. A 
Figure 21. Crimping of the in-plane tows. 
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teflon screen was chosen next to provide a thicker surface layer for the through-the-
thickness tows to weave over. The screen also created additional problems, but was 
effective at preventing the crimping of the surface layers. The most noticeable prob­
lem was with furrows at the laminate surface. The screen encouraged the grouping of 
tows which extended into the interior of the composite, thus allowing resin rich areas 
and local porosity. The sample was also 1/10 inch thicker than the previous sample 
fabricated with the metal loom, which indicated a problem with pressure distribution 
during the cure cycle. Although this sample was still not idealized, the crimping was 
reduced and the process showed promise. 
Fabrication of idealized 3D orthogonal textiles was a challenge. Although the 
quality of samples fabricated were reasonable in terms of compaction and porosity, 
significant distortions are still present. These distortions were attributed to compaction 
pressure buckling the orthogonal through-the-thickness reinforcement. Additional de­
velopment is required to fabricate idealized 3D orthogonal textiles. 
Quality Assessments 
As mentioned previously, each sample has been sectioned using a diamond 
saw and polished. The sections have been examined under a photomicroscope at 
magnifications up to 200X. In-plane misalignment, porosity, inclusions and resin rich 
regions were documented, as were various fiber architecture flaws such as mirroring 
(unintentional layer undulations induced during compaction and cure by intentional 
undulations in adjacent layers). These investigations reveal that idealized samples 
are now being produced which are of consistently high quality, containing less than 
one percent porosity. The only feature which is not yet effectively controlled is in-plane 
fiber misalignment. 
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Quality assessments have also been performed on each composite using ultra­
sonic nondestructive inspections. C-scan images were used to detect any imperfec­
tions in the composites. Thermocouple wire imprints, scratches, thickness distortions, 
and other flaws were picked up by the scan, when present. Resin rich areas were 
clearly shown, as well as intentional weave styles. A scan containing an intentional 
double wave is seen in Figure 22. Note that the placement and consistency of the 
intentional flaw are clearly detectable, and that the response of the rest of the laminate 
is relatively uniform. These inspections also demonstrate that composite panels are 
being produced which exhibit consistently high quality. 
Conclusions 
Prewoven dry fabric is easy to handle and can be stored at room temperature, 
but proper alignment is difficult to achieve. Furthermore, the resin film has to undergo 
several intermediate processes before it can be used to infiltrate the fibers. Since 
these processes greatly complicated production, the use of dry fabric is not recom­
mended for the fabrication of idealized textiles. 
Section A-A 
Figure 22. Ultrasonic C-scan of sample with intentional wavy layer. 
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The preimpregnated tow fibers were much easier to work with. They could be 
woven into any architecture. Unfortunately, this took significant time and labor when 
performed by hand. Since the resin is already impregnated in the fibers, the resin 
infiltration process was not performed which resulted in fewer steps to the finished 
product. 
The loom concept is capable of ensuring fiber alignment and proper nesting 
through the thickness. This concept will be useful for producing and testing compos­
ites which are comparable to idealized analytical models. The loom is also useful for 
intentional placement of single or nested wavy layers in an otherwise ideal composite 
laminates. Samples with wavy layers will allow experimental investigations of material 
properties due to these types of flaws in textile architecture. 
Several fabrication procedures can be used to produce more idealized samples, 
thus simplifying experimental testing of 3D composites. Breaking of the in-plane fibers 
was much less common when using a base to maintain spaces between the fibers. In-
plane fiber misalignment was reduced when tension was added to both in-plane direc­
tions. Using an out-of plane tow which was half the size of the in-plane tow was the 
most effective fabrication procedure when weaving 3D orthogonal samples. The smaller 
out-of-plane towpreg did not buckle as severely and did not cause as much in-plane 
distortion. These procedures should be used as a basis for future fabrication efforts. 
Some of the problems encountered during this research could be due to the 
need to build a more complex loom and curing mold. Poorly compacted and very dry 
specimens could be due to a lack of adequate pressure during the cure cycle. A film 
pressure transducer is required which can withstand curing temperatures. Pressure 
would then be measured directly on the laminate and not on the tool. The sealant tape 
used may also be hindering a uniform pressure distribution. A sealing method is re­
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quired winich is consistent and not as intrusive. Perhaps an elastic paste could be 
applied to each layer since the sealant tape does not compact into the sample well. 
For 3D orthogonal samples, both the buckling of the through-the-thickness fi­
bers and the crimping of the in-plane fibers could be remedied if there were tension 
placed on the through-the-thickness fibers during the cure cycle. This would call for a 
configuration where the through-the-thickness fibers could be pulled through and placed 
on top of the pressure plates. The problem with threading fibers through the compac­
tion plate is that the resin may flow into the holes through which the through-the-thick­
ness fibers pass. These suggestions should be studied in future experimentation. 
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Introduction 
Composite materials represent the future of the defense, transportation and civil 
construction industries. These materials have been used extensively in recent years on 
applications varying from tennis rackets to re-entry vehicles. Modern applications are 
requiring more complex geometries, and more large scale unitized composite struc­
tures. These applications are presently not feasible due to the high manufacturing cost 
and two-dimensional nature of conventional composite materials. 
Three-dimensionally reinforced preforms, which can be woven dry and later 
infiltrated via resin transfer molding or similar processes, offer a potential solution to both 
of these limitations [1,2]. These materials offer through-the-thickness reinforcement 
which greatly enhances the out-of-plane strength and damage tolerance [3,4], How­
ever, improvements in through-the-thickness strength come at the expense of in-plane 
stiffness and strength, particularly in compression [5,6]. Reductions of in-plane 
properties are primarily attributed to a decrease in in-plane fiber volume due to the 
presence of the out-of-plane reinforcement, fiber breakage of in-plane fiber bundles due 
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to the introduction of the reinforcing fibers, misalignment or waviness of in-plane fibers 
due to the presence of the reinforcing fibers, and resin rich areas caused by the 
reinforcing mechanism and the ensuing fiber matrix disbond. A greater understanding 
of the mechanics of the three-dimensional fiber architecture will allow greater control of 
these parameters, and thus minimize the reduction of in-plane properties. For this 
reason, a project has been initiated to investigate the mechanical response of multi-
directionally reinforced composite materials. 
This paper addresses a preliminary investigation into the increased challenges 
associated with locating, identifying and characterizing flaws in three-dimensional fiber 
architectures. We will focus on the applicability of non-destructive ultrasonic inspections 
for quality assessments, as well as for a method of determining both local and effective 
global mechanical properties. 
Description of Specimens 
This preliminary investigation has focused on the least complex three-dimen-
sional orientation — orthogonal weaves. Samples Investigated include several three-
directional weaves (0-90 in-plane with orthogonal z-fibers) and one five-directional 
weave (quasi-isotropic in-plane with orthogonal z-fibers). The three-directional (3D) 
weaves, Figure 1, are very similar in fiber architecture, yet are fabricated from different 
size tow resulting in different unit cell sizes. The five-directional (5D) sample, Figure 
2, proved to be the most interesting, and the bulk of this discussion will be on this sample. 
We have established methods for fabricating orthogonal three-dimensional textile 
samples of reproducible quality and thus are now in a position to manufacture samples 
of varying fiber architecture details for future parametric studies. 
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Figure 1. Orthogonal three-directional fiber architecture/geometry. 
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Figure 2. Orthogonal five-directional fiber architecture/geometry. 
Inspection Experiments 
Ultrasonic experiments have been performed on the afore-mentioned samples 
across the spectrum of transducer frequencies using contact and immersion methods 
in both pulse-echo and through-transmission modes. In all experiments the orthogonal 
three-dimensionally reinforced samples were found to exhibit a dual signal response. 
This is to say that the in-plane and out-of-plane reinforcement provide clearly distin­
guishable responses to ultrasonic wave propagation. Figure 3 illustrates the waveform 
from a through-transmission contact measurement of the 5D sample using 20 MHz, 
0.125" diameter transducers. The first frame is the waveform obtained with the delay 
rods of the two transducers in contact (without the sample). The second frame illustrates 
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Transducers in Contact Through-Signals 
Figure 3. Through-transmission contact measurements identify dual signal. 
the time of the through-signal traveling longitudinally along the through-the-thickness 
fiber bundle and transverse to the in-plane fibers, respectively. The time of flight in the 
sample for the two signals is the difference between the signal times highlighted in frame 
2 (time to positive peak amplitude) and the transducer delay highlighted in frame 1 (time 
to positive peak amplitude), i.e. 0.788 |is for the through-the-thickness fiber bundle and 
2.018 us transverse to the in-plane fibers. The sample is 0.618 cm thick, thus these 
times result in velocities of: 
Note that vi is approaching the generally accepted value for longitudinal velocity along 
the fiber (0.9 cm/jis) and vt represents the longitudinal velocity transverse to the fiber (0.3 
cm/|is) in a unidirectional composite. Similar velocities have been obtained using pulse-
echo and through-transmission immersion tests. 
This discovery of the dual signal response is significant, and has been found to 
be consistent with all of the orthogonal samples tested in this experiment. The existence 
of this dual signal complicates inspection, as these signals must be isolated and 
vi = d/At| = (0.618)/(0.788) = 0.78 cm/|as 
Vt = d/Att = (0.618)/(2.018) = 0.31 cm/|is. 
(1) 
(2) 
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examined independently to provide meaningful quality assessments. 
Figure 4 illustrates a typical waveform from a pulse-echo immersion scan of the 5D 
sample. Figure 5 illustrates the C-scan images corresponding to the four time gates 
shown in Figure 4. The first image demonstrates the periodic surface pattern generated 
by the front surface echo (Gate 1). This periodic surface pattern corresponds to the 
surface pattern of the textile composite. The second image corresponds to a single back 
Figure 4. Pulse-echo waveform for the 5D sample. 
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Figure 5. Pulse-echo C-scan of 5D sample. 
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surface gate (Gate 2) and demonstrates a fairly uniform pattern with no indication of 
potential flaws. The third and fourth images are obtained by isolating the back surface 
signals (Gates 3 and 4, respectively). Note that there is a complementary boundary 
where the signals in Gates 3 and 4 are strongest. Time of flight examinations suggest 
that this boundary represents the edge of a widespread crack region. Traditional 
inspection techniques use a single back surface gate, such as Gate 2, and thus would 
likely miss or at least underestimate the importance of this major flaw. 
Through-transmission experiments reveal similar, though not as dramatic, 
results. Figure 6 illustrates the waveform from a through-transmission investigation of 
the 5D sample. Figure 7 shows the corresponding C-Scan images. The first image 
results from a single gate on the two isolated through signals (Gate 1). Note the 
identification of a region wherein the image is much weaker. The second image results 
from the faster through signal only (Gate 2) and demonstrates uniformity of the through-
the-thickness fibers. Regions of high amplitude (dark) are locations of z-fiber bundles. 
The third image results from the slower through signal (Gate 3). This image identifies 
the boundaries of acrack region, where the signal is not transmitted. Note the similarities 
between the first and second images within the crack region, and the first and third away 
from the crack region. This suggests that the signal transverse to the in-plane fibers is 
Figure 6. Through-transmission waveform for 5D sample. 
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Figure 7. Through-transmission C-scan of 5D sample. 
predominant, with the exception of within the crack region where this signal is non­
existent. Within this crack region, however, the fiber signal is clearly shown in the first 
Image, which utilized only a single gate. This illustrates that the z-fiber bundles are still 
intact within the region of matrix cracking. 
Further experimentation revealed that the signal transverse to the in-plane fibers 
is indeed of consistently greater magnitude than the signal which travels down the z-fiber 
bundles. This occurs because the fiber volume in the through-the-thickness direction 
is low (the cross-sectional area of the through-the-thickness fiber bundles is 21 % of the 
in-plane area), and because the diameter of the z-fiber bundles (1.2 mm) is small with 
respect to the theoretical focal spot size of the beam (1.0 mm in H2O). The total energy 
transmitted through the z-fibers is less, thus the amplitude is less. 
Experiments performed using raw amplitude data at discrete locations within the 
computerized C-Scan images verify that high amplitude in the images from the time gate 
of the through-the-thickness fiber signal and low amplitude in the images from the time 
gate of the in-plane reinforcement signal correspond to the through-the-thickness fiber 
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bundle locations. Thus the two images are complementary in nature, and areas of high 
amplitude in one will be areas of low amplitude in the other. 
Note that scans for this experiment have been performed using a Sonix system. 
This system, as with other automated scanning systems, allows the user to identify the 
region of interest on the signal by means of gates such as those shown in Figures 4 and 
6. To facilitate rapid scanning, the A/D board records only the maximum peak signal 
within each gate. Scans performed using a single gate appear like the scans gated 
perpendicular to the in-plane fibers because this signal is consistently of greater 
magnitude than that associated with the through-the-thickness fiber. In the crack region, 
the signal perpendicularto the in-plane fibers became very small, but the crack was not 
readily apparent because the Sonix recorded the higher signal of the still continuous 
through-the-thickness fibers bundles. 
Having observed the existence of the crack, experiments were performed to 
probe the depth of the crack. Pulse-echo immersion measurements using a 5 MHz, 0.5" 
diameter transducer resulted in the signals shown in Figure 8. The left image shows the 
response for the ultrasonic beam traveling transverse to the in-plane fibers, and the right 
Figure 8. Pulse-echo immersion tests predict existence and depth of crack. 
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image sliows the response for the ultrasonic beann traveling longitudinally along the 
through-the-thickness fiber bundles. On both images, the first pulse is the front surface 
echo. Recall that the velocities associated with these signals have been shown to be 
0.3 cm/jas and 0.7-0.8 cm/|is, respectively. Using these velocities to calculate thickness: 
dt = Vt(At)t/2 = 0.30(2.09)/2 = 0.31 cm (3) 
d| = V|(At)|/2 = 0.75(1.10)12 = 0.64 cm. (4) 
The total thickness is measured to be 0.618 cm, thus the through-the-thickness fiber 
signal has traveled the full depth, but the signal transverse to the in-plane fibers was 
reflected from the crack located at approximately 50% thickness. 
The 5D sample was sectioned through the suspected crack region and polished. 
Figure 9 identifies the existence of a matrix crack between in-plane layers of the 
composite located at approximately 50% depth. This figure also illustrates that the 
through-the-thickness fibers are still continuous, as predicted by previous scans. 
Figure 9. Photomicrograph verifies existence and location of crack. 
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Use of the dual signal isolation technique for ultrasonic quality inspection has 
been verified forthe 3D weave architectures as well. Dual signals are clearly detectable 
in all samples. Flaws within the matrix, when present, are detectable only if that signal 
is isolated. 
Attenuation Experiments 
Ultrasonic investigations of the 3D samples provided an interesting platform for 
addressing attenuation. Signal strengths for sample 24-PH-4 were significantly less 
than signal strengths for 23-PH-3. Recall that the primary difference in these weave 
architectures is the size of the tows (unit cells), with 24-PH-4 being the smaller of the two. 
One potential reason for increased attenuation could be greater porosity. To assess 
this, samples of each were polished and investigated with a photomicroscope. Scale 
photographs of typical voids were recorded, measured and averaged over a represen­
tative sample area. This approach established that both specimens had reasonably low 
porosity (<1.0%) and thus porosity was not the cause for the severe attenuation in 
sample 24-PH-4. 
A series of attenuation measurements were performed forthe two 3D samples. 
Waveforms obtained from through-transmission experiments at varying frequencies 
were captured digitally and stored in the computer. Representative waveforms for one 
such experiment are shown in Figure 10. Note that the shape of the waveform matches 
well, implying that frequency effects should be negligible. Attenuation is calculated by 
comparing the amplitude of the two waveforms using the substitution method [7,8]. For 
the example shown, the peak to peak amplitude of the water only signal (Sq) is 348 mV, 
and the corrected peak to peak amplitude of the sample in water signal (S) is 33.45 mV 
(the raw amplitude is 334.5 mV, corrected for attenuation settings of the pulser/receiver 
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Figure 10. Representative waveforms for 3D sample attenuation measurement. 
according to tiie equation AdB = 20logio(Ai/A2)). For a thin sample with large 
transducer spacing (such that beam spreading is equivalent) attenuation is calculated 
via: 
a = ln(TiT2So/S)/d (5) 
where 
Ti=2Z2/(Z2+ZI) (6) 
T2 = 2Zi/(Z2+ZI). (7) 
For the example shown, Zh20 = (pv)H20 = "^ -0 g/cm3 x 0.149 cm/}is = 0.149 g/cm2^s and 
Zsample = (pv)sample = "• -59 g/cm3 x 0.30 cm/|is = 0.477 g/cm2|is. A plot of the data 
generated from these experiments is shown in Figure 11. Note that the term attenuation 
used on the vertical axis refers only to the reduction in signal strength, as the actual 
mechanisms for this reduction have not been determined. This figure illustrates the 
more severe attenuation of sample 24-PH-4. Although the shape of the waveform is not 
significantly altered by the sample, frequency clearly has an effect on the reduction in 
signal amplitude. Note the high attenuation of the through-the-thickness fiber signal for 
both samples. These results, coupled with the porosity information, seem to suggest 
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Figure 11. Frequency effects on attenuation in 3D samples. 
that the greater attenuation is due to geometry effects (unit cell size and wavelength 
approaching same order of magnitude). However, another possible cause for the 
severe attenuation in sample 24-PH-4 is illustrated in Figure 12. This photomicrograph 
highlights randomly oriented broken fibers within the interstitial matrix pockets inherent 
to 3D orthogonal weaves. These fibers could be a significant scattering source. Sample 
23-PH-3, which was constructed from larger tows, does not exhibit this broken fiber 
behavior. 
Mechanical Property Experiments 
Experiments have been conducted to assess the capabilities of ultrasound for 
characterizing the global and local mechanical properties, such as stiffness, of three-
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Figure 12. Representative broken fibers in interstitial matrix pockets of sample 
24-PH-4. 
dimensionally reinforced textile composites. Effective global stiffness calculations using 
a single scan have proven ineffective due to the variance in signal amplitude between 
the signal parallel to the through-the-thickness fiber and the signal transverse to the in-
plane fiber, as addressed previously. Rule of mixtures calculations using traditional 
mechanics of materials methods and using experimentally determined times of flight, 
however, have shown good agreement. Stiffness predictions for the mechanics of 
materials approach require the use of nested rule of mixtures calculations — first to 
calculate the property of the tow, and then to calculate the property of the composite [9], 
As an example, we will consider the 5D sample. If we assume 60% fiber volume within 
the tow then the tow properties are: 
El = EfVf + EmVm = (200 GPa)(0.6) + (3.34 GPa)(0.4) = 121.3 GPa (8) 
Ez = EfEm/(EfVm + EmVf) = 200(3.34)/(200(0.4) + 3.34(0.6)) = 8.15 GPa. (9) 
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Then, for 21 % out-of-plane fiber bundle volume, the through-the-thickness stiffness for 
the composite is: 
Ez = EiVfz + £2(1 -Vfz) = 121.3(0.21) 8.15(0.79) = 31.9 GPa. (10) 
Rule of mixtures calculations using times of flight predict stiffness matrix terms, rather 
than actual Young's moduli [10]. Representative Poisson's ratios for the composite are 
estimated using a three-dimensional composite prediction routine and available experi­
mental data. Note that while these values are questionable for the 5D sample, the error 
introduced by an incorrect Poisson's ratio term is small due to the nature of the equation: 
Cz = Ez(1 - vi2v2i)/(1 - V12V21 - V32V23 - V13V31 - 2V21V32V13) (11) 
= 31.9(1 - 0.322)/[1 - 0.322 - 2(0.23)(0.15) - 2(0.32)(0.15)(0.23)] 
= 35.5 GPa [9]. 
Recall from previous experiments that the velocity of the through-the-thickness signal 
(V|) is approximately 0.8 cm/|is and the velocity of the signal transverse to the in-plane 
fibers is 0.3 cm/jis. Density differences parallel or perpendicular to the fiber are 
negligible, thus: 
C| = pv|2 = 100(1.586 g/cm3)(0.8)2 = 101.5 GPa (12) 
Gt = pvt2 = 100(1.586 g/cm3)(0.3)2 = 14.27 GPa (13) 
Cz = CiVfi + CtVft =(101.5)(0.21) + (14.27)(0.79) = 32.6GPa. (14) 
This illustrates that the method is useful for ballpark estimations of effective global 
stiffness. Note that no mechanical testing has been performed on this sample, so the 
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assumed mechanical properties for the constituent materials used in the mechanics of 
materials approach may vary enough to provide a greater degree of correlation between 
the two methods. 
Summary 
The most important discovery has been the clear dual signal from the in-plane and 
out-of-plane reinforcement. A careless investigation which does not isolate these two 
responses may miss large failed regions, such as the crack in the 5D sample. This fact 
will greatly complicate establishing cookbook inspection criteria, as the set-up and data 
interpretation will be part specific. Furthermore, for the orthogonal three-dimensionally 
reinforced composite materials studied, the signal amplitude of a wave traveling 
transverse to the In-plane fibers is consistently greater than that of a wave traveling 
longitudinally along the through-the-thickness fibers. This fact also complicates 
inspection, as two independent pulser/receiver settings may be required to get good 
scans for the two signals. Finally, transducers of sufficiently high frequency should be 
used to clearly isolate the two signals and to ensure separate gating. If the frequency 
is too low or the sample thickness is too small the signals overlap, resulting in the same 
difficulties as using a single gate. 
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Introduction 
Composite materials represent the future of the defense, transportation and civil 
construction industries. These materials have been used extensively in recent years on 
applications varying from tennis rackets to re-entry vehicles. Modern applications are 
requiring more complex geometries, and more large scale unitized composite struc­
tures. These applications are presently not feasible due to the high manufacturing cost 
and two-dimensional nature of conventional composite materials. 
Three-dimensionally reinforced preforms, which can be woven dry and later 
infiltrated via resin transfer molding or similar processes, offer a potential solution to both 
of these limitations. These materials offer through-the-thickness reinforcement which 
greatly enhances the out-of-plane strength and damage tolerance [1,2]. However, 
improvements in through-the-thickness strength come at the expense of in-plane 
stiffness and strength, particularly in compression [3,4]. Reductions of in-plane 
properties are primarily attributed to a decrease in in-plane fiber volume due to the 
presence of the out-of-plane reinforcement, fiber breakage of in-plane fiber bundles due 
to the introduction of the reinforcing fibers, misalignment or waviness of in-plane fibers 
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due to the presence of the reinforcing fibers, and resin rich areas caused by the 
reinforcing mechanism and the ensuing fiber matrix disbond. A greater understanding 
of the mechanics of the three-dimensional fiber architecture will allow greater control of 
these parameters, and thus minimize the reduction of in-plane properties. For this 
reason, a project has been initiated to investigate the mechanical response of multi-
directionally reinforced composite materials. 
This paper addresses an investigation into the increased challenges associated 
with locating, identifying and characterizing flaws in three-dimensional fiber architec­
tures. We will focus on the applicability of non-destructive ultrasonic inspections for 
quality assessments in various three-dimensional textile fiber architectures. These 
assessments will include a determination of typical flaws expected in such composites. 
We will address methods being pursued to characterize the severity of fiber architecture 
flaws within a laminate. Finally, we will address related activities including fabrication 
of idealized textile composites to illustrate specific combinations of textile fiber architec­
ture, and mechanical testing to identify critical parameters for mechanical performance 
which should be looked for in nondestructive inspections. 
Description of Specimens 
Samples which have been investigated in this study include through-the-
thickness and layer-to-layer angle interlocks, 3D braids, 3D orthogonal weaves and 5-
directional weaves. Representative textile architectures are shown in Figure 1. Varia­
tions of these architectures which were investigated include tow size (both in-plane and 
out-of-plane) and interlock angle (the slope of the through-the-thickness fiber in the 
idealized architecture). Of primary importance is the realization that Figure 1 illustrates 
the idealized architecture. Physical constraints often dictate particular details not shown 
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Figure 1. Representative idealized three-dimensional fiber architecture. 
in these idealizations, such as placement of continuous through-the-thickness fibers in 
orthogonal weaves requiring loops at the surface or periodic travels along the surface 
which distort the local in-plane fiber alignment (Figure 2). Furthermore, during 
compaction and cure the actual fiber architecture is often significantly distorted, such as 
shown In Figure 3. These details can have significant influence on mechanical 
performance, and thus should be identified in nondestructive evaluations. The difficulty 
lies in the random nature in which these distortions can occur. Identical weaves may 
behave quite differently after curing due to variations in fiber architecture distortions. 
This makes the task of qualifying these materials very difficult, as the scatter in 
mechanical data is likely to be severe. Nondestructive evaluations have the potential 
for identifying the severity of fiber architecture distortion, and thus could be used to 
normalize test data to reduce scatter. In the same manner, these inspections could be 
used in industry to quantify the expected mechanical performance knockdown from the 
idealized architecture performance based upon the severity of the fiber architecture 
distortion. 
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Figure 2. Typical fiber architecture details not accounted for in idealized sketches. 
f.(r5.v^ .:>{;jrsK^  
Figure 3. As-cured fiber architecture demonstrates typical distortions. 
Inspection ~ Orthogonal Weaves 
Orthogonal weaves have been identified as particularly difficult to inspect due to 
an interesting phenomenon which occurs in the propagating wave. The incident energy 
pulse is separated into two distinct signals - one which propagates along the through-
the-thickness fiber bundle and one which travels transverse to the in-plane fiber bundle. 
Since the velocity of propagation along the fiber is significantly greater than that 
transverse to the fiber, two distinct back surface reflection signals or through-transmis­
sion signals are detected, as the case may be. Complications this presents and 
recommended solutions have been addressed previously [5], however we note here that 
this has been further verified on additional orthogonal samples with the same results. 
In all cases two signals are detected, and the signal transverse to the in-plane fibers is 
useful for locating flaws such as porosity and microcracking. 
As an illustration, Figure 4 shows scans fortwo different orthogonal samples. The 
scan for sample 24-PH-4 illustrates the ability to detect significant flaws using only the 
signal transverse to the in-plane fibers - flaws which were not detected using a single 
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Figure 4. Orthogonal samples verify dual signal inspection techniques. 
back surface gate covering both signals. Note that sample 23-PH-3 was fabricated 
using 6k tow, and has a unit cell size of 0.14", whereas sample 24-PH-4 was fabricated 
using 3k tow and has a unit cell size of 0.06". A common flaw in orthogonal weaves 
appears to be the existence of significant matrix cracking. This flaw has, to some extent, 
been observed in every orthogonal sample investigated in this study. The difference 
between the two scans shown occurs because the microcracking in sample 23-PH-3 is 
far less severe than that for sample 24-PH-4 (Figure 5). Note that for both samples 
microcracking appears to initiate in the "crown" region where the through-the-thickness 
fiber bundle loops near the surface. For the larger unit cell size, cracks propagate 
parallel to the through-the-thickness fiber and thus are not detected in a conventional 
normal incidence inspection. For the smaller unit cell size, cracks propagate in more 
random directions, often growing together. Furthermore, for a large area of the com-
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Crown Region 
Near Midplane 
Figure 5. Severity of microcracking in orthogonal weaves depends on geometry. 
posite investigated tight cracks propagating from the two surfaces along the through-
the-thickness fiber bundle have met at the centerline and traveled orthogonally along the 
in-plane fibers (Figure 6). Thus the normal incidence through-transmission inspection 
using only the signal transverse to the in-plane fibers shows a large region with no signal. 
The inspection using a single gate is ambiguous, because even though no signal is 
transmitted transverse to the in-plane fibers, energy is still transmitted along the intact 
and closely spaced through-the-thickness fiber bundles. 
As a final note to the characterization of orthogonal weaves, note that the concept 
of attenuation measurement is not valid for these more complex fiber architectures. The 
fiber architecture acts similar to a diffraction grating for the incident energy. Further-
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Figure 6. Cracks propagate into midplane delamination in sample 24-PH-4. 
more, separation of this incident energy into two distinct waveforms makes it such that 
comparison with a reference signal is not practical without some means of determining 
the amounts of energy which go into each transmitted signal. Preliminary "attenuation" 
data [5] for the samples previously addressed show accurate trends, but should be 
viewed in terms of the energy separation just described. This is particularly true for the 
attenuation of the signal along the through-the-thickness fiber. This attenuation should 
be quite low, as there should be low losses along the fiber direction. However, the 
associated signal is quite small due to the small cross-sectional area percentage of the 
through-the-thickness fiber bundles. 
Inspection - interlocks and Braids 
Traditional methods of inspection have proven to be effective for three-dimen­
sional weaves which do not have orthogonal fiber arrangements. These methods, 
however, will not be as successful as fortraditional two-dimensional layered composites 
(material with no through-the-thickness reinforcement) due to complications introduced 
by the textile pattern. Of particular relevance is the predominance of the textile pattern 
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in the C-scan images. Figure 7 is a representative C-scan image for a three-dimensional 
textile. Note the repeating pattern indicative of the textile architecture. This pattern 
clearly illustrates the in-plane fiber misalignment which was likely caused by the flow of 
resin in the resin transfer molding process. The time of flight map indicates the thickness 
variation which the panel exhibits. However, the predominance of the textile pattern 
makes subtle background variations due to local porosity or inclusions difficult to 
identify. Experiments involving introducing a series of flat bottomed holes are presently 
underway to characterize the sizes of flaws which might be detectable in a variety of 
weave architectures. 
An equally interesting phenomenon results from an almost opposing effect - that 
is a seemingly major flaw which is merely a deviation in the fiber arrangement. Figure 
8 shows such a deviation. Again, the textile pattern is evident, but the strong vertical 
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Figure 7. Representative 3D textile C-scan. 
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Amplitude Section A-A 
Time of Fliglit Section B-B 
Figure 8. Seemingly severe flaws can be attributed to fiber architecture distortion. 
bands would seem to indicate the existence of broken bands of fibers, resin rich regions, 
0.' cracked regions. Instead, these regions are seen to be areas of severe fiber 
undulation in two adjacent layers, resulting in significant scattering (wave coupling, 
reflection and refraction) of the ultrasonic energy. This method of detecting and 
characterizing "waves", referred to here as out-of-plane undulations in the fiber 
architecture, has been utilized on two-dimensional composites with localized waves, 
and will be discussed later in this paper. This type of ultrasonic response could lead to 
misinterpretation of the data. 
Fabrication of Idealized 2D Textiles 
Fabrication methods have been developed and demonstrated to be effective for 
producing two dimensional samples which represent idealized textile architectures. 
These architectures can be tailored to exhibit specific details seen in 3D textile 
architecture. The details of the fabrication methods will not be addressed here, but are 
discussed in depth in References 6 and 7. Representative samples fabricated using 
these methods are shown in Figure 9. Note that control over stacking of undulations and 
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Isolated Wave Isolated Multiple Waves 
Stacked Nest (5-Harness) Split-Span Nest (5-Harness) 
Stacked Nest (Plain Weave) Split-Span Nest (Plain Weave) 
Diagonal Nest (5-Harness) 3-D Orthogonal 
Figure 9. Representative idealized textile composites. 
spacing of undulations allows for textile architecture similar in many ways to 3D textile 
architecture. 
inspection - 2D idealized 
Research has shown that a knowledge of the actual fiber architecture may be 
required to assess the expected mechanical performance of three-dimensional textiles. 
Towards this end we have investigated the possibilities of imaging the actual architec­
ture through nondestructive means. We showed previously that severe undulations can 
result in large reductions in signal amplitude due to wave scattering at the ply interface. 
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This is illustrated more clearly in Figure 10, which is a pulse-echo C-scan of the reflected 
signal fronn the wavy layer interface. This technique has proven extremely successful 
forthe location of waves, again referring to out-of-plane undulations in fiber architecture, 
and forthe positioning of waves in-plane, but it gives very little information regarding the 
geometry orthrough-the-thickness arrangement of the waves. Figure 11 is a similar C-
scan for a sample containing two isolated waves. It is clear that a wave exists and that 
it displays no in-plane misalignment, being aligned with the panel across the specimen. 
The period (crest to crest distance) of the wave is determined by measuring the spacing 
on the scan. The amplitude (distance the wave distorts from its linear in-plane path) of 
the wave, however, and the fact that there are actually two waves through-the-thickness 
eludes us. One could make judgements on the amplitude of the wave based upon a 
reduction of the signal amplitude in the ascending and descending slopes of the wave 
compared with that obtained away from the wave. Waves with small amplitudes have 
m m m  
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Figure 10. Waves may be identified by scattering of ultrasonic energy on the slopes. 
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Amplitude Section A-A 
Figure 11. Waves can be located and characterized for position and period. 
shallow slopes and thus deflect less energy than waves with large amplitudes and 
corresponding higher slopes. This interpretation, however, presupposes that all of the 
energy is deflected by a single wave, and not in smaller increments across several 
waves. For this example that is obviously not the case, nor will it be for textile samples. 
What is required, then, is a means to imagethe textile through-the-thickness. We 
are investigating the use of B-scan images to accomplish this. Work is underway for 
identifying the optimal combination of frequency, focusing conditions and distance-
amplitude correction for imaging such fiber architecture anomalies. Ideally, the result 
should be an image similar to that shown in Figure 12, which was obtained by the 
admittedly impractical method of scanning the cut through-the-thickness surface to 
detect variations in acoustic impedance. 
Figure 12. Through-the-thickness characterization of fiber architecture is required. 
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Summary 
We have verified the dual signal from the in-plane and out-of-plane reinforcement 
in 3D orthogonal weaves. A careless investigation which does not isolate these two 
responses may miss large failed regions, such as the extensive crack in sample 24-PH-
4. Transducers of sufficiently high frequency should be used to clearly isolate the two 
signals and to ensure separate gating. If thefrequency is too low orthe sample thickness 
is too small the signals overlap, resulting in the same difficulties as using a single gate. 
Furthermore, conventional attenuation measurements are not practical for 3D orthogo­
nal weaves due to this separation of incident energy. 
Braid, angle interlock and idealized textile samples are inspectable by traditional 
C-scan and velocity/attenuation methods, however the strong influence of the textile 
pattern on the C-scan image makes detection of subtle flaws difficult. Unfortunately, unit 
cell size appears to affect flaw detectability, with composites composed of smaller unit 
cells being more difficult to inspect. This indicates that inspection methods will depend 
highly on geometry of the part as well as geometry of the fiber architecture. 
if 3D textile composites are to be used in industry, some method for assessing 
actual as-cured fiber architecture needs to be established, such that the expected 
mechanical performance may be estimated. Mechanical testing of typical 3D textiles 
and of idealized samples is presently underway in an attempt to correlate strength and 
stiffness with the degree of architectural distortion. With this information, we will be able 
to ascertain which features of fiber architecture distortion have the greatest impact on 
mechanical performance and thus which features should be identified through nonde­
structive evaluation. It is known, however, that an effective estimation of performance 
will require a knowledge of the types of fiber architecture distortion, the relative 
magnitude of the distortion, and the density and relative arrangement of the distortion. 
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CHAPTER 6. ULTRASONIC NDE TECHNIQUES AND THE EFFECTS OF FLAWS 
ON MECHANICAL PERFORMANCE IN MULTI-DIRECTIONALLY REIN­
FORCED TEXTILE COMPOSITES 
A paper to be published in Review of Progress in Quantitative Nondestructive 
Evaluation, Volume 15, Plenum Publishing, 1996. 
R.D. Hale, D.K. Hsu and D.O. Adams 
Center for Nondestructive Evaluation 
Department of Aerospace Engineering and Engineering Mechanics 
Iowa State University 
Introduction 
Developmental efforts in composite technology have included a wide variety of 
secondary and primary structure in industries ranging from sporting goods to high per­
formance aircraft. In addition to potentially significant weight savings, composites of­
fer the potential benefits of increased fatigue life, corrosion resistance, and acquisition 
or life-cycle cost savings. Conventional two-dimensional composites, however, have 
poor interlaminar strengths and are susceptible to damage. 
Substantial research and development activities have addressed composites 
for applications with predominantly in-plane loading. The difficulty which often arises 
with these materials, however, is that they are traditionally two-dimensional materials 
which are used in three-dimensional applications. Three-dimensionally reinforced com­
posite material systems offer potential benefits for complex components which will 
likely experience significant out-of-plane loads due to geometry or application. 
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Significant researcti has been performed on the advantages of three-dinnen-
sionaliy reinforced composites, but this research has focused primarily on the increased 
damage tolerance available with through-the-thickness fiber reinforcement rather than 
on components capable of withstanding large out-of-plane loads. For this reason, 
concepts like stitching or short fiber reinforcement have progressed much further than 
multidirectional weaves with continuous three-dimensional fiber reinforcement. Only 
recently has significant effort been directed toward the latter topic, due primarily to the 
efforts of the Mechanics of Textile Composites Working Group, organized and directed 
by NASA-Langley Research Center. Although this group has made significant contri­
butions to textile mechanics, the test data produced still demonstrates extremely large 
scatter. This scatter can be attributed to variations in as-cured versus as-woven fiber 
architecture, and a generally poor understanding of what constitutes acceptable qual­
ity in textile composites. 
This paper addresses the applicability of various ultrasonic inspection techniques 
for a broad range of typical textile composites, including braids, angle interlocks and 
orthogonal weaves. This includes an assessment of typical flaws, as well as an inves­
tigation into flaw size detectability for various unit cell size configurations. Related 
activities are discussed, including results of mechanical testing to identify the critical 
textile parameters which affect mechanical performance and thus should be looked for 
in nondestructive inspections. Finally, techniques for assessing misalignment in textile 
composites, a feature shown to have a significant influence on mechanical test results, 
are outlined. 
Description of Samples 
Samples investigated in this study include through-the-thickness and layer-to-
layer angle interlocks, 3D braids, 3D orthogonal weaves and 5-directional weaves. 
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Variations of these architectures which were investigated include tow size (both in-plane 
and out-of-plane) and interlock angle (the slope of the through-the-thickness fiber in the 
idealized architecture). Of primary importance is the realization that as-cured fiber 
architecture generally is significantly different than the as-woven architecture (Figure 1). 
Physical constraints often dictate particular details not shown in the vendor's idealized 
representations, such as placement of continuous through-the-thickness fibers in 
orthogonal weaves requiring loops at the surface or periodic travels along the surface 
which distort the local in-plane fiber alignment. Furthermore, during compaction and 
cure the actual fiber architecture is often significantly distorted. These details can have 
significant influence on mechanical performance, and thus should be identified in 
nondestructive evaluations. The difficulty lies in the random nature in which these 
distortions can occur. Identical weaves may behave quite differently after curing due to 
variations in fiber architecture distortions. These variations make the task of qualifying 
these materials very difficult, as the scatter in mechanical data is likely to be severe. 
Nondestructive evaluations have the potential for identifying the severity of fiber 
architecture distortion, and thus could be used to normalize test data to reduce scatter. 
^ 0) 
As-Woven (ideal) As-Cured (Actual) 
Figure 1. As-cured fiber architecture is significantly distorted from as-woven or idealized 
fiber architecture. 
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In the sanne manner, these inspections could be used in industry to quantify the expected 
mechanical performance knockdown from the idealized architecture performance 
based upon the severity of the fiber architecture distortion. 
Flaw Detection 
Three-dimensionally reinforced textile composites are by their very nature more 
tolerant of conventional flaws. This increased tolerance does not, however, preclude an 
interest in detecting flaws such as porosity and cracks or delaminations. In fact, these 
types of flaws appear to be more prevalent in textile composites due to the more severe 
internal geometries. For example, differentia! coefficients of thermal expansion be­
tween carbon fibers and the resin matrix combined with compacting complex intertwined 
fiber arrangements regularly leads to internal cracking. Furthermore, the mere nature 
of three-dimensional interlocking requires that resin rich areas be formed at the tow 
intersections, allowing for regions of high porosity. Finally, and perhaps least consid­
ered, distortions of the original fiber architecture occur both in-plane and out-of-plane. 
These distortions have been shown to have a significant influence on mechanical 
performance, due both to the misalignment from the intended orientation and to crimping 
or undulations imposed on the fibers [1 ]. Flaws found to be typical in the textiles studied 
within this research program are shown in Figure 2. 
Previous publications have described the complications for inspecting various 
classes of textile architecture [2,3]. These complications include a separation of incident 
ultrasonic energy in 3D orthogonal composites, diffraction due to the regularly ordered 
substructure, a frequency dependence on unit cell size and the strong influence of the 
textile pattern on C-scan results. To investigate the expected detectability of flaws within 
the textile microstructure, a series of flat bottomed holes were introduced into a wide 
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Regions 
-Microcracking 
Figure 2. Typical flaws in textile composites. 
variety of textile architectures. The geometry and placement of these holes were the 
same for all samples, and is shown in Figure 3. These textile samples were then 
investigated in immersion pulse-echo experiments using broad-band, long focal length 
transducers of varying center frequencies (Table 1). Transducers of this sort have 
proven to be the most successful for probing textile composites. A typical series of C-
scans is shown in Figure 4. Note that at lowerfrequencies the flaws are not well resolved, 
and at higherfrequencies the textile pattern begins to become predominant, in fact, flaw 
detectability becomes spatially dependent. Detection of smaller flaws may occur if they 
lie within the high amplitude or peak region of the textile pattern, but may be masked if 
they fall within the low amplitude or valley region. For this reason, intermediate 
Table 1, Broad-band transducers used for flat bottom hole investigation. 
Frequency Diameter Focal Length Focal Spot Size 
(MHz) (in) (in) (in) 
1.0 1.0 2.0 0.192 
2.25 0.75 4.0 0.172 
5.0 1.0 2.5 0.050 
10.0 0.5 3.0 0.059 
15.0 0.5 3.0 0.039 
Cracks 
Misalignment 
Twisting 
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Hole depth = 0.07" 
o 1/4" D O 1/32" D 
o 5/32" D O 1/16" D 
o 1/8" D O 3/32" D 
Figure 3. Flat bottom hole pattern and geometry. 
2.25 MHz 5 MHz 10 MHz 
Figure 4. Typical C-scan series illustrates detection of flat bottom holes in a through-
the-thickness angle interlock sample. 
frequencies appear to have the most promise for flaw detection in textile composites, 
remembering of course that what constitutes an intermediate frequency will depend on 
the geometry of the unit cell (typically near 5 MHz for samples in this study). Results of 
this study are summarized in Table 2. Of additional interest is the fact that textile 
architecture appears to have less of an influence on B-scan results, and this technique 
may still be useful for characterizing depth and geometry of flaws (Figure 5). 
An alternate technique which shows considerable promise for the investigation 
of textile composites is digital filtering of the scan images. Since these composites 
exhibit very regular patterns, one can filter out the regular variations and look instead for 
the irregular variations. The simplest way to accomplish this is merely to take a threshold 
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Table 2. Smallest detectable flaw size for various textile composites. 
Sample Weave Type Unit Cell Size 1MHz 2.25MHz 5MHz 10MHz 15MHz 
24-PH-4* 3D Orthogonal 0.060"x0.053" — — — — — 
23-PH-2 3D Orthogonal 0.136"x0.075" 1/4" 1/8" 3/32" 3/32" 3/32" 
TI-4PWL-A1-4 Layer-to-Layer 0.118"x0.024" 5/32" 1/16" 1/16" 1/16" 1/16" 
Angle Interlock 
TI-4PWT-A3-5 Through-Thickness 0.182"x0.048" 1/4" 1/4" 3/32" 1/8" 1/4" 
Angle Interlock 
TI-4PWT-A1-6 Through-Thickness 0.364"x0.024" 1/8" 1/16" 1/16" 1/16" 1/16" 
Angle Interlock 
AI-4PB4-A1-6 3D Braid 1/8" 1/16" 1/16" 1/16" 1/16" 
*Sample contains significant amount of microcracking, and thus has very low signal amplitude 
Front Surface 
Embedded 
Flaws 
Back Surface 
Figure 5. B-scans are useful for characterizing depth and geometry of flaws, even in 
complex textiles such as this 3D orthogonal sample. 
of the C-scan amplitude plot, thus removing amplitudes which are specific to the 
repeating textile pattern (Figure 6). Although useful and relatively simple, this results in 
a significant loss of scan information and would not assist in extracting potential flaws 
from within these neglected amplitude regions. Similarly, various codes exist which are 
capable of looking for trends along lines or simple cun/es and removing any regular 
patterns. Again, these techniques often result in significant loss of useful data. A 
preferred method which has been shown to be successful for regularly ordered structure 
is to take a spatial Fourier transform of the C-scan [4]. The influence of the regular 
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Original Image Threshold Morphological Filtering 
Figure 6. Filtering shows promise for removing the influence of the textile pattern. 
pattern will appear as a distinct spatial frequency component which can be isolated and 
removed. Then, an inverse spatial Fourier transform returns the scanned image of the 
sample without the pattern due to the textile reinforcement. Unfortunately, most real-
world textiles experience significant local microstructural variations in fiber architecture 
which cause the frequency domain to be complex and not easily resolved into responses 
due to the repeating pattern of the architecture and those due to flaws. A similar 
technique which has been successful utilizes morphological filters. These filters are 
optimal for removing responses of a particular shape, such as those produced by textile 
unit cells. An example of this is also shown in Figure 6. Techniques such as this are 
no longer computationally excessive and thus should be pursued further for textile 
composites. 
As a final note to the investigation of flaws in textile composites, it is important to 
observe that while conventional flaws are more difficult to detect, a new class of flaws 
is often glaringly obvious. Sometimes seemingly severe flaws within a C-scan turn out 
to be unintended variations in the textile architecture -- perhaps in the form of 
undulations as in Figure 7. This phenomenon of locating "fiber waves" within textiles has 
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Figure 7. Seemingly severe flaws can be attributed to variations in fiber architecture. 
been addressed previously [3]. Unfortunately, although the detection of these flaws is 
often trivial, the characterization of such flaws is not. Preliminary investigations 
attempting to characterize internal fiberarchitecture through the use of B-scans have not 
been as successful as hoped. An example is shown in Figure 8. Note that the 
disturbance due to the flaw is obvious, as are the basic dimensions. The stacking 
Front Surface 
Back Surface nVn"" irniTiiffilMi mi iV '^i 
Figure 8. B-scans have had limited success characterizing fiber architecture. 
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geometry, however, is lost due to the fact that ultrasonic energy reaching the second 
wave has already been disturbed by the first. Methods to circumvent this limitation of 
ultrasonics should be explored further, as a technique which could probe within a 
laminate to determine actual as-cured fiber architecture would be indispensable for the 
assessment of component quality. In fact, this ability may be a driving technology for 
the acceptance of textile composites as the large scatter in mechanical test results is not 
likely to be reduced until sufficiently similar textiles can be produced. 
Effects and Detection of Fiber Misalignment 
As mentioned previously, related activities are ongoing to investigate the effects 
of various features of the fiber architecture on mechanical performance [1]. An 
experimental technique which is gaining favor for this is moire interferometry. This is an 
optical technique capable of providing full-field displacement (strain) information [5]. 
Recent investigations using this technique, however, demonstrate an alarming depen­
dence on in-plane fiber misalignment at the free-edge [1], particularly for interlaminar 
shear strain. Results from an investigation to characterize this dependence are given 
in Figure 9. This figure shows the free-edge interlaminar shear strain normalized with 
respect to the applied axial strain for nominally cross-ply laminates with various 
intentional degrees of in-plane misalignment imposed on the center ply. Note that the 
correlation between theory (finite element predictions) and experiment is quite good. Of 
particular importance is the magnitude of free-edge interlaminar shear strain at relatively 
low angles of misalignment. At only two degrees of misalignment, one can expect 
interlaminar shear values on the order of the magnitude of the applied axial strain, and 
by five degrees of misalignment these shears are several times the applied axial strain. 
Even in the best of textile samples reviewed for this work two degrees of local misalign-
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Figure 9. Small degrees of in-plane misalignment produce large interlaminar shear 
strains at the free-edge. 
ment is a given, with regions of five degree misalignment very common and regions of 
ten to fifteen degrees misalignment not unusual. This misalignment is caused by out-
of-plane reinforcement which locally disturbs the alignment of the in-plane reinforce­
ment, and by a lack of control overthe fiber architecture during the curing operation and 
the resulting distortion during compaction. Thus experiments using moire techniques 
are only useful if misalignment is known. 
Recently, an experimental technique has been explored which is useful for 
determining misalignment in composites. This technique uses cross-polarized shear 
wave transducers in a contact mode through-transmission arrangement. The theory 
asserts that shear waves can be decomposed into separate responses along and 
transverse to the in-plane fibers (Figure 10). Note that the amplitude terms in the two 
directions must be kept separate, to account for different properties for velocity, atten-
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Figure 10. Signal amplitudes are decomposed into axial and transverse components. 
uation and dispersion along and transverse to the fibers. This vector decomposition can 
be continued throughout each layer of a laminate, rearranging the shear response at 
each interface to align with the fiber orientation of the particular layer. Transmission 
losses are accounted for at the interfaces through the familiar relation: 
T(0) = 2(pCii) 0.5 (1) 
(pCii)0-5 + (p-Cii') »0.5 
where Cjj is the out-of-plane shear stiffness matrix term, p is the density and the dashed 
terms represent properties corresponding to the material (and material orientation) 
being entered at the interface. Theoretical predictions for the amplitude response of 
nominally cross-ply samples with intentionally misaligned center plies (Figures 9 and 
10) are given in Figure 11. Note that when plotted in polar form for a 360° rotation in 0 
the global shape is that of a cloverleaf, with nulls near zero and ninety degrees (when 
aligned with fiber directions). Figure 11 illustrates one of these null regions, wherein a 
clear shift of the null location occurs due to the central misaligned ply. This response is 
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Figure 11. Shear waves are useful for locating nnisaligned fibers. 
due to only one misaligned ply out of eleven in the laminate. Note that the shift in the 
null field is identical to the degree of misalignment for small angles of misalignment. 
For in-plane misalignment greater than ten degrees the shift is no longer identical to 
the misalignment. 
Experimental results agree quite well with the simplified theory used for small 
angles of misalignment, but deviate from the simplified theory for larger angle of mis­
alignment (Figure 12). This is because the theoretical amplitude response shown in 
Figure 11 only accounts for the dominant amplitude term. There are second order 
terms which result from the vector decomposition. These terms have been calculated 
and are shown to be significant for angle of misalignment above ten degrees. A re­
vised theory is being developed [6] which mathematically combines the waveforms of 
multiple responses. This combination of waveforms is complex, as the driving param-
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Figure 12. Experimental results of simplified theory are good for small angles of mis­
alignment but diverge due to the influence of second order terms. 
eters include different powers of longitudinal and transverse responses and thus are 
separated in the time domain. Predictions using this theory are shown to more accu­
rately model the experimental behavior at higher angles of misalignment (Figure 12). 
Summary 
The most important message for the NDE community is the relative importance of 
their role in the successful transition of textile composites from laboratory to production 
materials. Present limitations are in assessing what constitutes a quality sample. 
Ongoing research in textile mechanics will establish which features of textiles have an 
adverse effect on mechanical performance, but similar research must be made to de­
velop inspection techniques for these features. 
Nw 1 1 
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Generally speaking, textile samples are inspectable by normal methods, but strong 
textile patterns may mask subtle flaws. The use of digital filtering techniques should 
enhance flaw detection, particularly if morphological shape functions which more closely 
resemble the textile architecture are developed. Intermediate frequencies appear to 
be most successful at flaw detection, however orthogonal samples may require higher 
frequency scans to allow for separation of the incident ultrasonic energy. Unit cell size 
appears to affect flaw detectability, with composites composed of smaller unit cells 
being more difficult to inspect. Both C-scans and B-scans are useful for locating, 
sizing and visualizing conventional flaws in textiles; C-scans are a proven method of 
locating waves in textiles, but B-scans have shown only limited success in characteriz­
ing wave geometry. Finally, if moire interferometry is to be a successful technique for 
testing textiles, some mechanism for separating free edge effects due to in-plane fiber 
misalignment is required. The use of cross-polarized shear transducers may be an 
effective technique. 
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CHAPTER 7. MISCELLANEOUS EXPERIMENTS IN ULTRASONIC NONDE­
STRUCTIVE EVALUATION OF TEXTILE COMPOSITES 
Introduction 
The previous chapters have summarized the more successful techniques and 
experiments for inspecting textile composites. This research, however, aimed at find­
ing out which techniques are successful as well as those which are not successful. 
This chapter will address experiments performed to characterize three-dimensionally 
reinforced textile composites, or idealizations representing specific features of these 
textiles, which are not by themselves quantitative. These are presented to document 
lessons learned, and to serve as a road map for future studies. 
Idealized Nests 
The most substantial effort for this research project was the characterization of 
idealized nests, such as those represented in Figure 1. The fabrication of these samples 
was discussed in Chapters 2 and 3, as well as in Appendix 2. Further fabrication 
methods using a conventional well-and-plunger mold are addressed in References 1 
and 2. These samples are significant because the repeating nesting patterns are 
typical of those seen in various classes of textiles. A significant test program consist­
ing of static tension and compression testing correlated to analytical predictions using 
two-dimensional finite element methods has been on-going [1,2]. These studies have 
been plagued by excessive scatter in the test data, which has clouded the conclu­
sions. This scatter is believed to be due to variations in initial panel quality, for al­
though each panel is ultrasonically inspected prior to testing these inspections are 
used qualitatively (test-no test) according to personal judgement. This investigation 
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attempts to quantify panel quality and then to compensate for this in the ensuing test 
data by normalization to some reference measure of quality. 
The theoretical basis for this approach is based upon the well established rela­
tion between ultrasonic attenuation measurements and porosity or material stiffness 
[3-5]. If a sample exhibits high attenuation, then it can be assumed to be of lesser 
quality and thus should exhibit lower strength (at least for matrix influenced properties 
such as compression strength and interlaminar shear strength) . Although there are 
no references addressing the relation between mechanical strength and attenuation, 
this seems to be a logical extension of the relation between stiffness and attenuation. 
Pulse-echo immersion ultrasonic C-scans were performed on all of the panels 
after they were cured. These scans were used to evaluate the quality of a panel and to 
compare different panels. In an ultrasonic C-scan, an ultrasonic pulse is sent into the 
panel and the returning signal that reflects off the back surface of the pane! is re­
corded. In this study, the peak-to-peak amplitude of the returning signal was plotted at 
118 
400 X 400 discrete points across the panel. Figure 2 shows a typical back-surface 
amplitude plot of a returning signal from a panel fabricated for this study. The higher 
amplitudes of the returning signals are presented as darker colors. Note, the entire 
scan has been equalized, so the variations seen in the scan actually only represent a 
small change in amplitude of the returning signal. The time of flight plots were useful 
for showing thickness variations in the panels, or regions which exhibit different ultra­
sonic velocity {different stiffness). Changes in thickness can affect the amplitude plot 
since the energy has a shorter path length through a naturally attenuative media. There­
fore, time of flight plots were used to account for changes in the amplitude plots caused 
by thickness variations. 
One can not compare panel quality among samples unless the equipment and 
the settings are identical for each scan (changes in gain or attenuation can be ac­
counted for, but not changes due to transducer response, damping or other filtering). 
Unfortunately, initial scans were performed to investigate variations within a single 
panel only. Therefore, little attention was paid to the consistency of equipment or 
Amplitude Time of Flight 
Figure 2. Pulse-echo C-scan of a typical nesting sample. 
119 
settings. In particular, two transducers were used for scanning nesting samples. Al­
though both were broad band transducers with a center frequency of 5 MHz, each can 
be expected to have a significantly different response. This is particularly true since 
these transducers have different physical geometries: one is a 1.0 inch diameter with a 
2.5 inch focal length while the other is a 0.5 inch diameter with a 4.0 inch focal length. 
As a result there are two specific groups of panels and only scans within a group of 
panels are comparable. 
These two groups of panels are further broken up into small groups according 
to either 3K or 6K fabric and either tension or compression testing. To compare panels 
within a group, the panel with the highest average back-surface signal amplitude is 
selected as the control panel. The average amplitude of all other panels in the group 
are scaled to the average amplitude of the control case. The average reduction in 
amplitude for each panel in a group is calculated in terms of the change in decibels 
(dB) according to the relation: 
AdB = 20 log JA/A,) (1) 
where A^ is the amplitude of the sample and A^ is the amplitude of the control panel. 
Note that the average reduction in amplitude could be attributed to scattering, diffrac­
tion, porosity, or inclusions. In industry, the common practice is to reject a panel if its 
average amplitude has more than 18 dB reduction from the average amplitude of the 
control panel. Thus, all panels are scaled to a control panel that is built in a highly 
controlled manner to ensure it has the highest quality possible. For this study, we have 
no control panels of known quality. Thus, panels are only referenced to the best panel 
within the group. All panels used are within approximately 15 dB of these "control 
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panels", which indicates that all panels are of comparable quality. Rubin and Jerina [5] 
have reported that for T300/3501-6 eight-harness fabric, a change in amplitude of 15 
dB corresponds to a reduction in in-plane compressive stiffness of 3%. A similar result 
is expected in this study. The only variations within any of the panels that were consid­
ered unacceptable exist along the edges of the panels, thus none of the edges were 
used in the test specimens. 
In addition to ultrasonic pulse-echo and through-transmission scans of the pan­
els, attenuation tests were performed on a significant number of the test specimens. 
Attenuation tests are performed by sending a broad-band pulse which covers a wide 
frequency spectrum through a specimen in a through-transmission immersion arrange­
ment. The transducers are unfocused probes with identical center frequency, and the 
spacing is fixed at a distance much larger than the thickness of the sample. In this 
manner, the beam spreading which occurs in the sample signal will be negligibly differ­
ent than the beam spreading which occurs in the reference (water only) signal. Attenu­
ation is calculated by comparing the amplitude of the two waveforms using the substi­
tution method [6,7]. RF waveforms for the sample (in immersion mode, so this in­
cludes the losses due to the water path) and the reference (water only) signal are 
digitally captured. Attenuation is measured as a function of frequency by taking a 
Fourier transform of these received ultrasonic signals. The amplitude of the transmit­
ted sample signal is compared to the amplitude of a control (water only) signal using 
the relation: 
ot = ln[TJ,S„/S]/d (2) 
where T^ and are the transmission coefficients into and out of the sample (these 
account for losses at the water-sample interface), is the reference (water only) sig­
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nal, S is the sample signal, and d is the thickness of the sample. The transmission 
coefficients are calculated using the relations; 
where is the acoustic impedance of water and 2.^ is the acoustic impedance of the 
sample (carbon-epoxy). Attenuation tests produce a single measurement represent­
ing an average over the area of the transducer. As a result, attenuation measurements 
were performed only after the panels had been cut into test specimens so that mea­
surements could be made in the middle of the gauge section. This may have intro­
duced errors into the results due to spatial variations in the textile architecture. Future 
activity in this area should investigate using larger transducers on larger samples (to 
avoid edge effects), such that a true average attenuation may be measured. 
Attempts were made to account for variations in mechanical performance by 
correlations to various indicators of panel quality. These indicators are the attenuation 
at a specific frequency (4 MHz), the slope of the attenuation versus frequency curve 
within a given frequency range (2-6 MHz), and the center frequency shift of the signal 
through the sample and the reference material (water) compared with that though the 
reference material only. The first is a firm value for attenuation at an arbitrarily chosen 
but consistent frequency. This value can be used to estimate porosity and the ex­
pected performance reductions due to this. The second indicator allows one to assess 
the attenuation measurements themselves, as the response should be fairly linear in 
this range. For most samples the response is linear, however some samples exhibited 
significant shifts due to interference losses at specific frequencies. Finally, the last 
T, = 2Z/(Z^+Z^) = 2(0.477)1(0.477 + 0.149) = 1.52 
T^ = 2Zy(Z^+Z^) = 2(0.149)/(0.477 + 0.149) = 0.476 
(3) 
(4) 
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indicator represents the losses of the higher frequency responses. These losses are 
typical in highly attenuative materials. Of particular frustration for this experiment, 
however, is the apparent conflicts within these three indicators. Some samples exhibit 
large attenuation, with low slopes and small frequency shifts while other samples have 
very low attenuations with fairly high slopes or large frequency shifts. For this reason, 
no one indicator appears to be effective for normalizing test data. Similarly, no combi­
nation of these indicators provides clear patterns of influence on mechanical test re­
sults. Example comparisons for some of these indicators are shown in Figures 3-7. 
A summary of the results of experimental testing of ideally nested composites is 
given in Tables 1-2 of the Appendix. These tables presents all of the reduced data for 
mechanical testing and ultrasonic testing. Summaries of the trends in mechanical test 
data are shown in Figure 8, and are discussed in detail in References 1 and 2. In 
general, mechanical test results and finite element predictions support that the random 
12 
0 
5 6 
Nest Type 
7 8 10 1 
1 : 6K Five Harness 
(5H) Random 
2 : 3K 5H Random 
3 : 3K Plain Weave 
(PW) Random 
4  :6K5H Stacked  
5 : 6K 5H Split-Span 
6 : 6K 5H Diagonal 
7  :3K5H Stacked  
8 : 3K 5H Split-Span 
9 : 3K 5H Diagonal 
10: 3K PW Stacked 
11: 3K PW Split-Span 
Figure 3. Attenuation at 4 MHz for idealized nest samples. 
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Figure 5. Center frequency shift for idealized nest samples 
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Figure 8. Mechanical test results indicate that stacking arrangements adversely affect 
compression strength [2]. 
cases exhibit the best performance (strength), with split-span, stacked and diagonal 
cases falling in a slightly lower performance category (in that order). The reductions 
from random orientations to the nested architectures depend on the material system 
used, as well as on the nature of the testing. For compression testing, the nested 
cases are found to have identical stiffnesses and approximately 30% lower strength 
for 6K material, and identical stiffness and approximately 10% lower strength for 3K 
material. For tension testing the nested samples exhibit approximately identical stiff­
ness and strength for the 6K material, and identical stiffness and approximately 13% 
higher strength for the 3K material. Actual variations within the nesting cases as well 
as variations due to tow size and harness structure are discussed in References 1 and 
2. 
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One potential reason that the use of ultrasonic measurements to normalize me­
chanical test data for this experiment was unsuccessful is because the variations in 
initial panel quality were really rather small. This is indicated in the relatively small 
variations in panel stiffness, and the fact that the amplitudes of all C-scans were within 
15 dB. Alternatively, the initial panel quality may have only a small effect on strength 
when compared to the effect of the fiber architecture. Large scatter in strength data, 
then, may be due to variations in test conditions, or variations in internal fiber configu­
ration. 
Another possible explanation for the lack of correlation between ultrasonic at­
tenuation and sample strength is the effect of fiber misalignment. As will be discussed 
in the following chapter, in-plane misalignment can have an adverse effect on me­
chanical performance. This misalignment, however, has no effect on ultrasonic at­
tenuation. Many of the samples tested in this study were also inspected for in-plane 
misalignment by polishing the sample edge and investigating using high power photo­
micrography. As nominally axial fibers begin to misalign, their cross-section at the 
free-edge changes from long bands to shorter ellipses. A measure of the major axis of 
the ellipse to the fiber diameter is an indication of the in-plane fiber misalignment [8]. 
For this study the degree of misalignment varied between the different fabrics and the 
different nesting cases. In general, the 6K fabric had better alignment than the 3K 
fabric and the randomly nested cases exhibited greater misalignment than the ideal­
ized nesting cases. The 6K randomly nested cases had consistent misalignment in 
the 3° to 5° range, while the ideally nested 6K samples were properly aligned, although 
they experienced occasional local fluctuations of up to 5°. Similarly, the 3K randomly 
nested cases had consistent misalignment of 5°, and the 3K ideally nested samples 
had consistent misalignment of approximately 3°. These consistent misalignments 
may point to another potential variance, and that is sample preparation. Each of these 
127 
samples is cut from a larger panel, and errors in alignment can be introduced if the 
samples are cut slightly off-axis. Again, while this could affect mechanical performance, 
it will have no effect on attenuation. 
An alternate explanation is that the regular ordered pattern of the microstruc-
ture is causing signal losses and thus affecting the attenuation measurements. Cer­
tain patterns of idealized nesting may have an internal arrangement which cause inter­
ference at specific frequencies. An example of this interference is illustrated in Figure 
9. Note that the signal response is low near frequencies of 2 MHz, implying that some 
form of destructive interference is occurring, likely due to the internal microstructure 
being spaced at an even multiple of the wavelength at that frequency. This was exam­
ined for all samples studied in this investigation. While it is clear that there are fre­
quency losses associated with certain samples, there is no clear relation between 
specific nesting geometries and these losses. This should be explored further, how-
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Figure 9. Destructive interference occurs in various nest samples. 
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ever, as losses of this type will affect attenuation measurements in all textiles produced 
by automated methods. This spatial dependence may preclude the use of attenuation 
measurements for quality assessments in textiles, or at least would complicate the 
process by necessitating a selection of inspection frequency bandwidth which does 
not include these resonant frequencies. Recall from Chapter 5 that the use of attenu­
ation measurements in orthogonal textiles has already been discounted as impractical 
due to separation of the incident ultrasonic energy and due to diffraction caused by the 
ordered arrangement of through-the-thickness reinforcement. 
Ultrasonic Energy Separation 
Chapters 4 and 5 discuss a phenomenon in three-dimensional orthogonal weaves 
wherein the incident ultrasonic energy is separated into responses traveling longitudi­
nally along the out-of-plane reinforcement and transverse to the in-plane reinforce­
ment. These separated waves are detectable because the velocity of the longitudi­
nally traveling wave is three times that of the transverse traveling wave (for carbon-
epoxy). It is desired to know what parameters are required to achieve this separation. 
For this reason, a study was initiated to investigate separation for various frequency 
and focussing conditions in samples with varying unit cell sizes. Obtaining or fabricat­
ing consistent quality orthogonal samples proved difficult, so representative two-di-
mensional samples were fabricated instead. These samples are nominally cross-ply 
laminates with varying numbers of ply per pack, such that the unit cell size is varied in 
units of one ply thickness. Samples fabricated and tested include one, two, three, five 
and ten plies per pack, corresponding to unit cell sizes of approximately 0.005", 0.01", 
0.015", 0.025" and 0.05", respectively. The ultrasonic energy is then propagated in-
plane, such that separation occurs longitudinally along the fibers for a 0° ply or trans­
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verse to the fibers for a 90° ply. Most experiments were performed in a through-trans­
mission immersion arrangement using broad-band transducers with relatively long fo­
cal lengths. 
Representative results for these experiments are shown in Figures 10 and 11. 
Note that these figures seems to imply that the separation is distinct for larger unit cell 
sizes and higher frequencies, displays all responses at intermediate unit cell sizes and 
frequencies, and displays a single response at the smaller unit cell sizes or lower 
frequencies. This is the response hoped for initially, in that this response could de­
scribe the relation between unit cell size and inspection criteria required to either en­
sure or prevent separation of energy. Unfortunately, many of the intermediate responses 
do not correlate well with predicted average stiffness. This difficulty is indicative of one 
limitation of ultrasonics, and that is the influence of multiple responses. It is unclear 
whether the detected signals represent the first through-signal of an intermediate or 
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Figure 10. Detectable wavespeeds for various unit cell sizes at particular frequencies. 
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Figure 11. Detectable wavespeeds as a function of frequency for given unit cell sizes. 
average stiffness, or if they represent multiple through-signals. Furthermore, it is pos­
sible to excite plate modes along the ply boundaries which themselves can be seen as 
distinct signals. Representative data with some of these signal locations identified are 
presented in Figure 12. Both first and second through or reflected signals are identi­
fied. Note that the theoretical velocities have been calculated from the theoretical 
stiffnesses according to the relation: 
C,, = pv,^ (5) 
where C.. is the stiffness matrix term, p is the density and v, is the velocity of the propa­
gating wave. In-plane stiffnesses have been calculated using classical lamination theory 
[9]. A corresponding development of the theory for calculating out-of-plane stiffness is 
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Figure 12. Theoretical wave velocities and experimental results for various unit cell 
sizes. 
presented in Appendix 3. This theory will be useful for extensions of this work to the 
predictions of separation in orthogonal 3D composites. 
Ultrasonic C-scans of these samples have confirmed, at least, that two of the 
received signals are indeed those which correspond to separated responses through 
the 0° and the 90° plies (Figure 13). Note, however, that as previously described other 
detectable signals were present during this scan. Figure 13 represents the response 
due only to the two isolated signals corresponding to the through-signal for a 0° ply and 
the through-signal for the 90° ply. C-scans of other detected signals appear to be 
influenced by the geometry of the plate, in that they have large magnitudes either 
towards the center or towards the edges of the sample. 
As demonstrated, separation of the ultrasonic energy is successfully accom­
plished in these samples. Unfortunately, the reliability of the test results is somewhat 
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Figure 13. C-scans amplitudes verify detection of 0° and 90° ply responses. 
questionable due to the geometry of the samples. Early samples were on the order of 
one-quarter inch in total thickness. Thus, the presence of the sample edges may have 
influenced the results. New samples with a total thickness on the order of one-half 
inch should be tested to investigate the possible relation between frequency, focal spot 
size, unit cell size and energy separation. Of particular interest is developing curves 
similar to those shown which characterize if the signal converges to an average or 
effective homogeneous response, as this is the assumption for present correlations 
between ultrasonic velocity and material stiffness. 
Detection of Fiber Misalignment 
Chapter 6 discusses a technique using cross-polarized shear wave transduc­
ers which has been successful for determining fiber misalignment in textiles. An alter­
nate technique which was investigated is the polar-backscatter method [10]. In this 
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method samples are investigated at angles other than normal incidence in an effort to 
develop plate or Lamb waves. The samples are then rotated through 360° (in 0), such 
that the ultrasonic response of the laminate can be recorded for every off-axis combi­
nation. The experimental arrangement for this technique is illustrated in Figure 14. 
Note that the scan results were found to be relatively sensitive to the angular orienta­
tion of the transducer. Incident angles, 0, of approximately 30° appear to give the best 
results for the samples in this study. Also, unfocused transducers were found to give 
cleaner signals, due likely to spatial variations in alignment and the difficulty in posi­
tioning the focal spot size of a focus probe to the exact center of rotation for the sample. 
Figure 14. Polar-backscatter experimental arrangement. 
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The nominally cross-ply laminates with intentionally misaligned center plies were 
each investigated using this technique. Representative results are shown in Figure 
15. Note that each illustrates the general 0/90 alignment. It was believed that the 
relative width of the response near 0° may have widened due to the influence of the 
misaligned ply, but this was not observed in experiments. Similarly, several 3D textile 
architectures were investigated using this technique (Figure 16). While these seemed 
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Figure 15. Polar-backscatter results for intentionally misaligned samples. 
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Figure 16. Polar-backscatter results for various textile architectures. 
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to illustrate the basic alignments of the constituents, this technique does not possess 
the required sensitivity to probe internal fiber architecture. Furthermore, this technique 
appears to be sensitive to wavy layers. In the through-the-thickness angle interlock 
sample (4PWT-A1-6) there is a strong response from the relatively flat 0° plies, but a 
poor response from the undulating 90° plies. There appears to be no response from 
the through-the-thickness reinforcement. As such, polar backscatter is likely a poor 
technique for textile composites, in which undulations are common. 
Characterization of internal Architecture 
A variety of techniques have been attempted for the characterization of the 
actual or as-cured internal fiber reinforcement. To date, none of these techniques 
have produced satisfactory results. This may be a crucial requirement for an assess­
ment of quality in 3D textiles, as distortion is presently a random occurrence which is 
causing large scatter in mechanical test data [11 ]. As such, further attempts at charac­
terizing the internal fiber arrangement should be pursued. 
Textile composites possess a unique feature which may be advantageous for 
internal fiber characterizations. As the weaves become more coarse (either due to 
larger tow sizes or resin layers due to interlocking architecture) the interfaces between 
fiber tows (or layers) become more detectable in conventional inspections. This may 
be viewed as a complication for conventional inspections, as the back surface ampli­
tude for pulse-echo investigations or the through-signal amplitude for through-trans­
mission investigations is generally fairly small due to losses associated with each of 
these layers. On the positive side, however, one can effectively gate on an individual 
layer, to get the response at that location within the laminate. This technique has been 
shown to be particularly useful for locating isolated waves within laminates (Figure 17), 
as the geometry of the undulating ply may be detected directly. For textiles with re-
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Figure 17. Characterizing wavy plies is most successful by gating on the affected ply. 
peating patterns of undulations, however, there has been little success in characteriz­
ing individual layers. 
Initial investigations attempted to gate each layer separately, such that a C-
scan representation could be viewed for each layer. In this manner, one could stack 
the C-scan images to look for variations or disturbances which may be due to the out-
of-plane reinforcement. An example of a segment of C-scans for a through-the-thick-
ness angle interlock sample is given in Figure 18. Note that these images are not 
useful for tracking the location of the angular through-the-thickness fibers as hoped, 
but that they are useful for placing the approximate depth of the flaws indicated. These 
flaws did not appear until the gate for a particular layer, and thus must have occurred 
Layer 6 Layer 7 Layer 8 
Figure 18. C-scans of successive layers can illustrate relative depth of flaws. 
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somewhere between the previous layer and this one. This technique is believed to be 
unsuccessful for several reasons. First, although detectable, not each layer exhibits a 
strong response. Second, the layers in these samples are relatively thin, such that the 
individual responses are difficult to isolate in the time domain. Complicating this is the 
presence of undulations, which of course change the local location of the layer within 
the laminate, and thus affect the time occurrence of the layer response. Finally, there 
is the usual problem with ultrasonic investigations, the influence of all previous plies is 
already in the propagating wave as it experiences new plies. One can not examine the 
response of the third ply only, one can only compare the response of the first, second 
and third plies to that of the first and second. 
Next, the use of B-scans were thoroughly examined for characterizing internal 
architecture. This technique appears to be even more sensitive to the fact that one 
can not probe specific depths of laminates without the influence of shallower preced­
ing layers. As such, this technique has had very poor results. These techniques were 
improved, however, through the use of distance-amplitude correction (DAC). This is a 
technique which attempts to correct for the ever-increasing losses as the wave propa­
gates through a material by increasing the gain on successive depths according to a 
user defined curve. This greatly enhances the ability to detect the influence of embed­
ded plies by reducing the dynamic range of successive signals. One can accomplish 
a similar result by using focus transducers for inspection, but defocusing the inspec­
tion by moving the transducer close to the surface of the sample (within the focal 
length of the transducer). This reduces the amplitude of the responses from the front 
surface and from shallow waves, thus reducing the dynamic range problem. 
Limited success for isolated waves has been discussed in Chapter 6, and is 
illustrated in Figure 19. This work demonstrated that although characterization of the 
stacking arrangement was not possible, the depth and relative geometry of the most 
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Figure 19. B-scans have had limited success in characterizing isolated waves. 
shallow undulation was detected. Such qualitative assessments may also be used 
with more complicated textiles, but more work is required to support this. For example, 
cross-over regions in through-the-thickness angle interlocks cause a severe local dis­
turbance which may be detectable using B-scans. 
B-scans have also indicated some usefulness in tracking the relative placement 
of orthogonal through-the-thickness reinforcement (Figure 20). Note the clear period­
icity at the surface, which reflects throughout the laminate, if the through-the-thick-
ness reinforcement were canted or locally distorted, this should alter the columnar 
arrangement of these scans. Furthermore, these scans identify the depth and location 
of internal cracks within this sample. Recall that this ability was described in the flat-
bottom hole investigation of Chapter 6. 
One enhancement to the use of B-scans for these applications is believed to be 
the ability to convert oscillatory RF waveforms to artificial unipolar, single peak re­
sponses. This could be accomplished by rectifying the RF waveform, and perhaps by 
incorporating a trigger such that successive amplitudes would not be recorded until a 
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Figure 20. B-scans identify repeating arrangement of through-the-thickness reinforce­
ment and location of cracks in orthogonal 3D samples. 
user-defined time delay (defined to correspond to a ply thickness). These features 
would remove the excessive banding response in the B-scans which masks the inter­
nal response. To be more clear, note that Figure 19 illustrates 22 or more variations 
between light and dark through the thickness, but there are only 11 layers in the lami­
nate. This is because a typical RF waveform may contain several cycles of oscillations 
about the zero (DC) level. The first suggestion would neglect any negative response, 
and the second suggestion could neglect the cycles of oscillation which occur between 
layers. 
An alternate approach to resolve the oscillating RF waveform is deconvolution 
(division in the frequency domain). For the case of pulse-echo investigations using a 
single broad-band ultrasonic transducer, the received signal is the convolution of the 
sample response and the measurement system response. For a given experimental 
arrangement, a reference signal can be obtained from a featureless sample (such as 
fused quartz). A Fourier transform of this signal will characterize the response due to 
the electronics, the transducer, and the propagation effects. If a Fourier transform of 
the ultrasonic response from the sample is taken in an identical experimental arrange­
ment, the two signal may be deconvolved according to the relation: 
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where A is an estimate of tine scattering amplitude of ttie sample, R is tiie frequency 
response of the reference or known signal, R* is the complex conjugate of R, F is the 
Fourier transform of the sample time domain signal, and Q is a somewhat arbitrary 
constant desensitization parameter (often chosen to be 0.01 times the maximum value 
of IRP) . This technique is described in more detail in Reference 12. 
Conclusions 
Research has shown that textile composites complicate conventional standard 
inspection techniques. A variety of experiments have been attempted, some with lim­
ited success. Continued Investigations should be performed on potential relations 
between internal fiber structure and destructive interference or diffraction. Further­
more, continued testing should be performed to confirm or refute the potential exist­
ence of relations between unit cell size and specific frequencies or focal spot size for 
which the energy separates. Finally, some investigation into better methods for filter­
ing B-scan data should be investigated in an attempt to achieve characterization of 
internal fiber arrangement. Hopefully, this document can serve to offer guidance for 
future or continued investigation into textile composites. 
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Appendix 
The following five pages list the experimental results from mechanical and ultra­
sonic testing of idealized nest samples and the random control panels. Table 1 lists 
the results for static compression tests, whereas Table 2 lists the results for static 
tension tests. 
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Table 1. Compression test data for idealized nest samples. 
Panel Nest Thickness Stiffness Strength 
Type'" (in) (msi) (ksi) 
Norm. Norm. Atten. 
Stiff.® Strength'^' 4MHz 
(msi) (ksi) (Np/in) 
Aten. Ctr. Freq. 
Slope Shift 
(Np/ln/MHz) (MHz) 
2.1 1 0.1930 9.98 116.49 9.63 112.41 1.91 0.26 0.10 
2.4 1 0.1930 10.11 115.47 9.76 111.43 1.91 0.26 0.10 
2.5 1 0.1930 10.23 115.62 9.87 111.57 1.91 0.26 0.10 
2.7 1 0.1940 10.22 105.93 9.91 102.75 1.91 0.26 0.10 
2.8 1 0.1940 10.08 116.63 9.78 113.13 1.91 0.26 0.10 
3.3 2 0.1970 10.57 95.08 10.41 93.65 2.18 0.54 0.30 
3.4 2 0.2010 10.68 89.39 10.73 89.84 2.18 0.54 0.30 
3.7 2 0.1990 10.00 90.74 9.95 90.29 2.18 0.54 0.30 
3.9 2 0.1970 10.39 99.77 10.23 98.27 2.18 0.54 0.30 
4.2 2 0.1970 10.23 77.36 10.08 76.20 5.10 1.42 2.00 
4.3 2 0.1960 10.19 50.19 9.99 49.19 5.10 1.42 2.00 
4.4 2 0.1960 10.50 68.36 10.29 66.99 5.10 1.42 2.00 
4.7 2 0.1960 11.02 56.87 10.80 55.73 5.10 1.42 2.00 
54.1 2 0.1960 7.90 98.40 7.74 96.43 11.90 2.20 2.20 
54.2 2 0.1955 9.30 86.40 9.09 84.46 11.00 1.40 1.50 
54.3 2 0.1950 9.50 85.30 9.26 83.17 11.80 1.60 1.50 
55.1 2 0.1940 10.60 63.50 10.28 61.60 9.80 1.00 0.70 
55.2 2 0.1955 10.80 68.70 10.56 67.15 9.70 1.10 1.00 
55.3 2 0.1960 9.50 48.00 9.31 47.04 9.50 1.10 1.00 
56.1 2 0.1960 10.30 82.90 10.09 81.24 11.00 1.70 2.25 
56.2 2 0.1955 10.80 79.20 10.56 77,42 11.40 1.75 3.00 
56.3 2 0.1945 10.30 90.10 10.02 87.62 12.00 2.08 3.00 
59.1 2 0.1970 10.90 83.40 10.74 82.15 11.80 2.15 2.00 
59.2 2 0.1960 10.90 85.50 10.68 83.79 11.50 2.08 2.00 
59.3 2 0.1950 11.20 78.10 10.92 76.15 11.50 2.10 2.00 
5.1 3 0.1550 9.65 73.96 7.48 57.32 2.50 0.62 0.10 
5.2 3 0.1540 9.58 84.48 7.38 65.05 2.50 0.62 0.10 
5.3 3 0.1560 9.12 59.26 7.11 46.22 2.50 0.62 0.10 
5.4 3 0.1560 9.12 78.60 7.11 61.31 2.50 0.62 0.10 
28.1 4 0.1930 9.63 69.34 9.29 66.91 8.90 2.57 2.70 
28.2 4 0.1930 10.18 72.60 9.82 70.06 8.90 2.57 2.70 
28.3 4 0.1940 10.19 66.71 9.88 64.71 8.90 2.57 2.70 
29.1 5 0.1950 10.46 70.59 10.20 68.83 8.38 2.34 2.70 
29.2 5 0.1950 10.31 61.38 10.05 59.85 8.38 2.34 2.70 
29.3 5 0.1940 11.00 64.06 10.67 62.14 8.38 2.34 2.70 
11 6 ..(3) — — — -- 2.79 0.67 0.50 
(1) Nest types defined in Figures 3-7 
(2) Stiffness and strength normalized to a panel thickness of 0.2" 
(3) -- indicates mechanical testing not performed on sample 
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Table 1 (Continued) 
Panel Nest Thickness Stiffness Strength Norm. Norm. Atten. Aten. Ctr. Freq. 
Type (in) (msi) (ksi) Stiff. Strength 4MHz Slope Shift 
(ksi) 
25.1 6 0.1940 10.48 67.35 10.17 65.33 7.30 2.00 2.75 
25.2 6 0.1950 9.78 74.92 9.54 73.05 7.30 2.00 2.75 
25.3 6 0.1950 9.83 61.99 9.58 60.44 7.30 2.00 2.75 
30.1 6 0.1980 9.35 60.14 9.26 59.54 6,73 1.78 2.00 
30.2 6 0.1980 9.28 76.19 9.19 75.43 6.73 1.78 2.00 
30.3 6 0.1980 9.79 67.07 9.69 66.40 6.73 1.78 2.00 
17.1 7 0.2010 9.21 74.40 9.26 74.77 1.78 0.70 0.10 
17.2 7 0.2000 9.26 70.28 9.26 70.28 1.78 0.70 0.10 
17.3 7 0.1980 9.95 85.53 9.85 84.67 1.78 0.70 0.10 
32.1 7 0.2025 9.89 88.50 10.01 89.61 2.80 0.60 0.40 
32.2 7 0.2025 - 106.50 -- 107.83 2.50 0.55 0.40 
32.3 7 0.2025 10.00 108.00 10.13 109.35 2.20 0.63 0.40 
57.1 7 0.2005 10.10 83.80 10.13 84.01 10.50 1.95 1.50 
57.2 7 0.1990 11.00 83.90 10.95 83.48 10.70 1.58 1.50 
57.3 7 0.1975 11.20 75.90 11.06 74.95 11.20 1.63 1.50 
57.4 7 0.2015 10.80 72.30 10.88 72.84 10.70 1.45 1.50 
57.5 7 0.2005 10.70 85.60 10.73 85.81 10.80 1.30 1.50 
57.6 7 0.1990 10.70 75.70 10.65 75.32 11.30 1.85 1.50 
57.7 7 0.2020 10.10 78.00 10.20 78.78 10.40 1.35 1.50 
57.8 7 0.2015 10.40 74.00 10.48 74.56 11.00 1.40 1.50 
57.9 7 0.2010 10.50 81.10 10.55 81.51 10.90 1.68 1.50 
15.1 8 0.1980 10.52 81.00 10.41 80.19 2.34 0.98 0.30 
15.2 8 0.1980 9.96 81.64 9.86 80.82 2.34 0.98 0.30 
15.3 8 0.1990 9.55 83.51 9.50 83.09 2.34 0.98 0.30 
33.1 8 0.1930 10.70 -- 10.33 -- 9.30 2.73 2.50 
33.2 8 0.1930 10.60 89.00 10.23 85.89 8.50 2.43 2.50 
33.3 8 0.1930 10.50 82.20 10.13 79.32 8.70 2.55 2.50 
35.1 8 0.2115 9.50 95.90 10.05 101.41 3.80 0.63 0.70 
35.2 8 0.2095 9.36 95.20 9.80 99.72 4.10 0.63 1.00 
35.3 8 0.2080 9.24 108.30 9.61 112.63 3.80 0.85 0.50 
14.1 9 0.2240 9.14 90.74 10.24 101.63 2.44 0.80 0.50 
14.2 9 0.2230 9.02 84.17 10.06 93.85 2.44 0.80 0.50 
14.3 9 0.2220 9.05 97.77 10.05 108.52 2.44 0.80 0.50 
31.1 9 0.1960 10.20 83.60 10.00 81.93 8.70 2.40 2.25 
31.2 9 0.1965 10.20 112.10 10.02 110.14 10.70 2.90 2.50 
31.3 9 0.1970 9.95 99.80 9.80 98.30 9.70 2.45 2.50 
58.1 9 0.1965 10.70 68.00 10.51 66.81 12.70 2.53 2.25 
58.2 9 0.1965 11.20 78.30 11.00 76.93 12.00 2.35 2.25 
58.3 9 0.1965 11.10 70.90 10.91 69.66 12.70 2.38 2.25 
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Table 1 (continued) 
Panel Nest Thickness Stiffness Strength Norm. Norm. Atten. Aten. Ctr. Freq. 
Type (in) (msi) (ksi) Stiff. Strength 4MHz Slope Shift 
(nnsi) (ksi) (Np/in) (Np/in/MHz) (MHz) 
58.4 9 0.1990 11.00 71.90 10.95 71.54 13.20 3.20 2.50 
58.5 9 0.1985 11.20 69.30 11.12 68.78 12.70 2.75 2.50 
58.6 9 0.1985 11.10 84.00 11.02 83.37 13.30 2.63 2.75 
58.7 9 0.2015 11.60 56.00 11.69 56.42 13.00 2.28 2.50 
58.8 9 0.2000 11.10 70.00 11.10 70.00 13.30 2.55 2.50 
58.9 9 0.1995 11.20 75.90 11.17 75.71 13.00 3.40 2.75 
8.1 10 0.1120 ~ - — - 6.90 1.78 0.40 
26.1 10 0.2175 8.69 52.05 9.45 56.60 6.86 1.59 0.70 
26.2 10 0.2140 9.00 55.65 9.63 59.55 6.86 1.59 0.70 
26.3 10 0.2200 8.75 50.28 9.63 55.31 6.86 1.59 0.70 
51.1 10 0.2450 7.49 68.70 9.18 84.16 7.00 2.38 1.50 
51.2 10 0.2400 7.59 67.80 9.11 81.36 8.30 2.83 1.50 
51.3 10 0.2355 7.71 67.50 9.08 79.48 7.20 2.38 1.50 
52.1 10 0.2500 -- 72.10 - 90.13 8.00 3.85 1.50 
52.2 10 0.2445 7.32 69.10 8.95 84.47 7.60 2.40 1.50 
52.3 10 0.2395 7.88 68.20 9.44 81.67 7.80 2.63 1.50 
18.1 11 0.1150 -- -- -- -- 7.10 1.68 0.60 
27.1 11 0.2120 9.29 52.08 9.85 55.20 9.78 2.10 2.50 
27.2 11 0.2110 8.60 51.98 9.07 54.84 9.78 2.10 2.50 
27.3 11 0.2120 8.49 61.22 9.00 64.89 9.78 2.10 2.50 
36.1 11 0.2135 8.80 79.70 9.39 85.08 9.00 1.58 2.50 
36.2 11 0.2150 8.63 77.80 9.28 83.64 9.50 2.20 2.50 
36.3 11 0.2170 7.75 75.40 8.41 81.81 10.30 2.15 2.50 
49.1 11 0.2210 8.70 78.80 9.61 87.07 9.20 2.43 2.00 
49.2 11 0.2235 8.70 82.30 9.72 91.97 9.80 2.73 2.00 
49.3 11 0.2250 9.87 78.50 11.10 88.31 11.00 3.25 2.25 
50.1 11 0.2725 7.12 73.50 9.70 100.14 9.00 2.70 2.50 
50.2 11 0.2670 — 79.90 - 106.67 8.50 2.85 2.00 
50.3 11 0.2610 7.44 85.20 9.71 111.19 8.20 2.45 2.00 
53.1 11 0.2325 7.87 86.30 9.15 100.32 7.10 1.75 2.00 
53.2 11 0.2315 7.72 80.70 8.94 93.41 7.70 1.78 2.50 
53.3 11 0.2305 8.16 83.30 9.40 96.00 8.00 1.55 2.50 
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Table 2. Tension test data for idealized nest samples. 
Panel Nest Thickness Stiffness Strength Norm. Norm. Atten, Aten. Ctr. Freq. 
Type (in) (msi) (ksi) Stiff. Strength 4MHz Slope Shift 
(msi) (ksi) (Np/in) (Np/in/MHz) (MHz) 
38.1 1 0.2035 10.37 108.70 10.55 110.60 1.90 0.50 0.30 
38.2 1 0.2035 9.51 127.10 9.68 129.32 2.00 0.65 0.20 
38.3 1 0.2030 9.89 111.70 10.04 113.38 2.10 0.59 0.30 
38.4 1 0.2025 10.08 109.60 10.21 110.97 2.00 0.54 0.20 
38.5 1 0.2015 10.56 119.80 10.64 120.70 2.30 0.61 0.20 
43.1 2 0.1945 10.08 118.40 9.80 115.14 7.70 2.20 2.50 
43.2 2 0.1935 10.49 127.60 10.15 123.45 9.00 2.10 2.50 
43.2 2 0.1935 10.21 118.70 9.88 114.84 9.00 2.80 2.75 
43.4 2 0.1935 10.09 127.80 9.76 123.65 8.10 2.20 2.25 
43.5 2 0.1940 9.83 119.30 9.54 115.72 8.80 2.40 2.50 
56.4 2 0.1925 11.30 108.20 10.88 104.14 10.20 1.38 1.50 
56.5 2 0.1920 11.50 121.80 11.04 116.93 9.50 1.20 1.50 
56.6 2 0.1905 11.10 126.10 10.57 120.11 9.80 1.20 1.50 
59.4 2 0.1945 11.70 120.00 11.38 116.70 11.70 2.13 2.00 
59.5 2 0.1945 10.50 116.30 10.21 113.10 11.60 1.80 2.00 
59.6 2 0.1945 10.70 125.70 10.41 122.24 11.40 1.73 2.25 
39.1 3 0.2065 9.09 109.40 9.39 112.96 9.00 2.50 2.00 
39.2 3 0.2075 8.06 101.00 8.36 104.79 9.40 3.20 2.25 
39.3 3 0.2080 8.82 98.40 9.17 102.34 9.00 2.80 2.25 
39.4 3 0.2080 9.15 101.50 9.52 105.56 9.00 3.50 2.00 
39.5 3 0.2070 8.98 100.50 9.29 104.02 9.00 3.00 2.00 
28.4 4 0.1950 9.86 123.20 9.61 120.12 9.00 1.80 2.50 
28.5 4 0.1965 10.10 125.80 9.92 123.60 7.90 2.23 2.00 
28.6 4 0.1980 10.10 130.00 10.00 128.70 8.00 2.25 2.25 
41.1 4 0.1990 9.60 106.30 9.55 105.77 5.50 1.20 2.00 
41.2 4 0.1970 10.14 105.70 9.99 104.11 5.80 1.60 2.00 
41.3 4 0.1955 9.94 116.50 9.72 113.88 5.50 1.30 2.00 
41.4 4 0.1935 9.62 123.80 9.31 119.78 5.60 1.30 2.00 
41.5 4 0.1920 9.67 108.20 9.28 103.87 5.80 1.30 2.00 
10.4 5 0.2115 9.61 110.10 10.16 116.43 2.30 0.68 0.50 
10.5 5 0.2110 9.27 118.30 9.78 124.81 2.20 0.53 0.50 
10.6 5 0.2105 8.97 95.40 9.44 100.41 3.00 0.65 0.70 
29.4 5 0.1950 10.40 134.30 10.14 130.94 7.50 2.23 2.00 
29.5 5 0.1955 10.20 123.10 9.97 120.33 7.80 1.93 2.25 
29.6 5 0.1960 10.10 130.00 9.90 127.40 8.20 2.18 2.25 
25.4 6 0.1930 10.54 123.30 10.17 118.98 6.80 1.35 2.00 
25.5 6 0.1935 10.77 122.80 10.42 118.81 7.40 1.75 2.50 
25.6 6 0.1940 10.65 113.20 10.33 109.80 8.30 1.90 2.25 
30.4 6 0.1960 9.91 121.40 9.71 118.97 6.60 1.78 1.75 
30.5 6 0.1955 9.75 126.50 9.53 123.65 6.20 1.71 1.75 
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Table 2 (continued) 
Panel Nest Thickness Stiffness Strength Norm. Norm. Atten. Aten. Ctr. Freq. 
Type (in) (msi) (ksi) Stiff. Strength 4MHz Slope Shift 
(msi) (ksi) (Np/in) (Np/in/MHz) (MHz) 
30.6 6 0.1955 10.22 121.80 9.99 119.06 7.70 2.23 2.00 
17.4 7 0.1995 10.50 132.60 10.47 132.27 2.30 0.63 0.10 
17.5 7 0.1990 10.20 129.20 10.15 128.55 2.40 0.65 0.10 
17.6 7 0.1990 9.96 143.10 9.91 142.38 2.60 0.69 0.10 
32.4 7 0.2020 9.47 138.70 9.56 140.09 3.20 0.74 0.50 
32.5 7 0.2020 9.50 131.30 9.60 132.61 3.40 0.95 0.50 
32.6 7 0.2025 9.40 124.60 9.52 126.16 3.00 0.90 0.50 
15.4 8 0.1990 9.91 136.40 9.86 135.72 2.20 0.63 0.10 
15.5 8 0.2005 9.22 142.10 9.24 142.46 2.50 0.63 0.10 
15.6 8 0.2020 10.41 142.90 10.51 144.33 2.80 0.83 0.10 
35.4 8 0.2095 9.49 128.40 9.94 134.50 3.50 0.83 0.20 
35.5 8 0.2105 9.79 124.60 10.30 131.14 2.80 0.90 0.10 
35.6 8 0.2115 9.85 115.10 10.42 121.72 3.30 0.85 0.10 
14.4 9 0.2185 9.85 121.80 10.76 133.07 2.20 0.53 0.50 
14.5 9 0.2170 10.18 127.00 11.05 137.80 2.30 0.50 0.50 
14.6 9 0.2155 -- 126.80 - 136.63 2.30 0.53 0.50 
31.4 9 0.1965 10.53 142.60 10.35 140.10 10.00 2.88 2.75 
31.5 9 0.1975 10.00 137.80 9.88 136.08 10.20 2.45 2.75 
31.6 9 0.1980 10.25 137.20 10.15 135.83 10.80 2.85 2.75 
26.4 10 0.2165 9.21 114.50 9.97 123.95 7.50 1.50 2.50 
26.5 10 0.2175 8.67 116.00 9.43 126.15 7.30 1.33 2.00 
26.6 10 0.2190 8.96 110.80 9.81 121.33 7.00 1.65 1.50 
51.4 10 0.2400 8.06 98.40 9.67 118.08 8.10 3.00 2.25 
51.5 10 0.2410 7.69 103.30 9.27 124.48 7.70 2.60 2.25 
51.6 10 0.2435 7.66 97.50 9.33 118.71 7.20 2.00 2.25 
52.4 10 0.2470 8.01 101.00 9.89 124.74 8.30 2.90 1.75 
52.5 10 0.2485 7.58 87.00 9.42 108.10 8.00 2.90 2.00 
52.6 10 0.2525 7.49 82.90 9.46 104.66 7.30 2.70 1.50 
36.4 11 0.2125 8.64 114.70 9.18 121.87 9.60 2.65 3.00 
36.5 11 0.2115 8.57 98.40 9.06 104.06 11.20 3.80 3.00 
36.6 11 0.2105 8.75 117.50 9.21 123.67 10.30 2.33 3.00 
49.4 11 0.2220 8.49 114.80 9.42 127.43 8.80 3.20 2.50 
49.5 11 0.2215 8.60 111.40 9.52 123.38 9.00 2.40 2.50 
49.6 11 0.2210 8.91 106.20 9.85 117.35 10.20 2.80 2.50 
50.4 11 0.2660 7.66 98.70 10.19 131.27 8.10 2.20 2.25 
50.5 11 0.2665 7.57 97.30 10.09 129.65 8.50 2.30 2.25 
50.6 11 0.2680 7.30 85.20 9.78 114.17 8.00 2.20 2.25 
53.4 11 0.2270 8.30 106.00 9.42 120.31 7.90 2.10 2.75 
53.5 11 0.2245 8.39 103.00 9.42 115.62 7.60 1.70 2.75 
53.6 11 0.2220 8.49 106.50 9.42 118.22 7.60 1.60 2.75 
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CHAPTER 8. INFLUENCE OF IN-PLANE FIBER MISALIGNMENT 
ON MOIRE INTERFEROMETRY RESULTS 
A paper to be submitted to Journal of Composite Materials 
R.D. Hale and D.O. Adams 
Department of Aerospace Engineering and Engineering Mechanics 
Iowa State University 
Abstract 
Moire interferometry is an experimental technique which is being viewed favor­
ably for verifying analytical predictions of mechanical performance in composite mate­
rials. However, since interferometry measures displacements at a free surface, one 
must separate the effects due to fiber architecture from those due to free-edge effects. 
This paper addresses the influence of in-plane fiber misalignment on free-edge 
interlaminar shear strain. Experimental results for laminates with intentional fiber mis­
alignment are compared to analytical predictions using the finite element method. Small 
degrees of fiber misalignment are shown to produce large free-edge interlaminar shear 
strains. Thus, moire interferometry results may not be quantifiable for non-idealized 
composites which exhibit in-plane fiber misalignment. 
Introduction 
Moire interferometry appears to be an ideal experimental technique for com­
posite materials due to the sensitivity possible and the full-field visualization of dis­
placements. However, moire interferometry measures surface displacements, and 
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thus is prone to the detection of free-edge strains. Unfortunately, composite laminates 
with angle ply reinforcement produce free-edge interlaminar strains along the angle 
ply interfaces. Although many composites being investigated are nominally uniaxial or 
cross-ply laminates, in-plane fiber misalignment of a few degrees is common using 
conventional fabrication techniques. This local misalignment produces the same ef­
fect on free-edge strains as angle plies of the same orientation. 
A recent study by Mirzadeh and Reifsnider [1] used moire interferometry to 
investigate deformations on the edge (the surface which contains interlaminar bound­
aries) of a 2-D woven composite. This study reported that the strain fields within layers 
were complex, varied from layer to layer, and showed poor correlation with finite ele­
ment analysis. This lack of correlation is believed to be due to the influence of free-
edge effects, such as small degrees of in-plane fiber misalignment, which were not 
accounted for. 
A further example of the sensitivity of moire interferometry to in-plane fiber mis­
alignment can be seen in the investigation of textile composites performed by the au­
thors [2]. For many textile composites, analytical predictions have not agreed with 
experimental results due to the idealized models chosen to represent the actual fiber 
architecture [3]. Often the differences between the ideal model geometry and the 
actual as-cured geometry are severe (Figure 1). This statement may be particularly 
true for the degree of in-plane fiber misalignment present in textile composites. The 
interlocking nature and more complex fiber architecture of these textiles often produce 
in-plane fiber alignments which stray significantly from nominal alignment (Figure 2). 
In-plane fiber misalignment of five to fifteen degrees is common, and misalignment of 
thirty degrees or more can occur locally. This misalignment can be due to the in-plane 
fiber position being locally disturbed by the existence of through-the-thickness rein-
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Ideal (as-woven) Actual (as-cured) 
Figure 1. Actual as-cured fiber architectures vary significantly from idealized or as-
woven fiber architectures. 
Short elliptical fibers 
indicate large degrees 
of in-plane nnisalign-
ment 
Long fibers indicate 
snnall degrees of in-
piane misalignment 
Twisting of the tow is 
evident 
Figure 2. Textile composites exhibit significant in-plane fiber misalignment. 
forcement, distortions imposed on the textile during compaction and cure, or twisting 
of the initial tows prior to weaving the textile preform. 
Representative textile samples have been investigated using moire interferom-
etry [2]. These samples exhibit variations in as-cured fiber architecture which include 
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fiber waviness (in-plane and out-of-plane) as well as resin-rich pockets where fibers 
have been displaced (Figures 1-2). Moire interferometry experiments reveal complex 
strain fields which vary significantly within the fiber architecture. As an example, Fig­
ure 3 presents the interlaminar shear strain distribution calculated from displacement 
fringe patterns for a 3-D orthogonal textile sample. Interlaminar shear strains of very 
high magnitude are seen to occur at the extreme z-locations at regularly spaced inter­
vals which correspond to the locations of the through-the-thickness reinforcement. Un­
fortunately, these regions exhibit very large magnitudes of in-plane fiber misalignment 
due to twisting of the through-the-thickness reinforcement (Figure 1). Thus, it is not 
known whether these large shear strains are produced solely by the fiber architecture 
or whether some fraction is a free-edge effect produced by the in-plane fiber misalign­
ment. Verification of analytical methods for more complex textile fiber architectures 
can not proceed unless a method for resolving free-edge strains is developed. 
X 
12000 
10000 
8000 
6000 
4000 
2000 
Position, X 
Position, Z 
Figure 3. Shear strain in 3-D orthogonal textile composite exhibits large fluctuations 
in regions of in-plane fiber misalignment. 
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The subject of free-edge strains has been addressed by numerous investiga­
tors [4-7], but the goal of these studies was typically to assess stacking sequence 
effects or to identify the in-plane fiber alignment which produces the maximum free-
edge strains. Thus, these studies have concentrated on angle plies of 15° orientation 
or greater. This investigation focuses on the severity of free-edge strains caused by 
the relatively small angles of fiber misalignment typical in laminates and textile com­
posites. Fiber misalignment angles ranging from 0° to 15° were intentionally fabri­
cated into nominally cross-plied laminates. Analytical and experimental determination 
of free-edge strains due to these levels of misalignment were used to characterize the 
relation between in-plane fiber misalignment and free-edge interlaminar strains mea­
sured by moire interferometry. 
Approach 
To investigate free-edge strains due to small angles of fiber misalignment, ide­
alized laminates were fabricated using prepreg tape. These laminates have the orien­
tation [(903/03)2/903/83/903/(03/903)2] where 0 has values of 0, 2, 5, 10 and 15 degrees. 
The material used for all samples was IM7/8551-7A carbon/epoxy. Compression 
samples of the geometry shown in Figure 4 were prepared from each of these lami­
nates. The laminates were aligned such that the 0° plies parallel the longitudinal axis 
of the sample (x-axis) and the 90° plies parallel the y-axis. End tabs were bonded to 
the laminates to increase the end-loading area, thus facilitating alignment. 
The prepared specimens were loaded in compression using an opposing-wedge 
compression fixture. This load fixture is mounted to the supporting optical table of a 
four-beam moire interferometer. A key feature of this load fixture is the incorporation of 
rotation and translation stages (Figure 5) which allow small adjustments in sample 
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Loaded 
Surfaces 
0.635 
2.54 
1.27 3.81 
Sample width = 0.445 
(dimensions in cm) 
Figure 4. Geometry of moire compression samples. 
Glass/epoxy 
Grating surface 
Strain gage 
Rotational 
adjustments 
Translation 
stage Translational 
adjustment 
Figure 5. Translation and rotation stages help ensure samples are properly aligned 
during moire tests. 
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orientation. Infornnation from strain gages on the three sample sides without the moire 
grating and the moire fringe pattern itself were used to improve alignment and ensure 
uniform loading. 
Moire fringe patterns were recorded at strain levels varying from 500 jae to 1500 
|ae. Use of strains in this range avoids the loss of data which occurs at layer interfaces 
due to differential out-of-plane deformations of the 0° and 90° layers at the free-edge. 
This deformation, as it becomes severe, causes the light to reflect from the specimen 
grating at relatively large angles with respect to the normal (Figure 6). These high 
angles of reflection result in a local loss of interference fringes because the emergent 
light misses the camera lens and thus never arrives at the image point [8]. Further, 
since the focus of this study is the ratio of free-edge shear strains to applied axial 
strains, the magnitude of the applied strain is incidental [5,7]. 
Incident 
Light 
Normal Reflection 
Grating 
Surface 
Interface Reflections 
Figure 6. Out-of-plane surface deformation at higher strains causes shadowing and 
loss of fringes at interfaces. 
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Moire fringe patterns for the samples with intentionally misaligned plies are shown 
in Figure 7. The V-field is a measure of the displacements in the loading direction, and 
the U-field is a measure of the displacements transverse to the loading direction. Note 
that only one U-field is presented as it is representative of all samples. The predomi­
nant effect of the in-plane fiber misalignment is the change in angle of the V-field fringes 
in the vicinity of the misaligned layer. This angle has been shown to represent the 
interlamlnar shear strain concentration at the free-edge according to the relation; 
where (j) is the angle of the tangent to the fringe, measured counterclockwise from the 
axis transverse to the loading axis (Figure 7) [5]. 
For all samples, conventional U and V field fringe patterns were recorded as 
well as the fringe patterns with an imposed carrier of rotation (U+R and V+R). The U 
and V fields with carrier patterns of rotation for the laminate with 5° misalignment are 
shown in Figure 8 for comparison to the standard U and V fields shown in Figure 7. 
This carrier pattern of rotation adds a constant shear strain to both the U and V fields, 
although in an opposing sense such that the total shear strain remains constant. The 
total shear strain is given by; 
= tan((|)) (1) 
9U av iiaNz 9Nx 
Txz ~ ' — ^ 
3x dz ^1 d\ dz 
(2) 
where f is the frequency of the reference grating (2400 lines/mm for all tests) and 
3Nj/3j represents the fringe density of the i field measured in the j direction. Analysis of 
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Typical U (5°) 
Loading 
Axis 
V(10°) V(15°) 
Figure 7. Moire fringe patterns for misaligned samples. 
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U + R V+ R 
Figure 8. Representative moire fringe patterns with rotation (5° misalignment sample). 
both the conventional fringe patterns and those with a carrier pattern of rotation allows 
one to avoid errors due to an incorrect determination of the fringe slopes. Strain re­
sults from a fringe field data reduction of these two cases were in good agreement, as 
expected. The use of carrier patterns of rotation was particularly important for the 
sparse U fields, in which an accurate determination of fringe density and slope was 
difficult. 
Although the laminates are symmetric about the midplane, fringes were ana­
lyzed at both interfaces of the central misaligned ply. This allowed potential errors 
introduced by small amounts of bending to be accounted for. In cases where some 
disagreement in strains occurred between the two interfaces, the average strain con­
centration is reported. 
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Photomicrographic measurements were performed for all samples to evaluate 
the actual fiber misalignment. When sectioned in the 0° direction, 0° fibers appear as 
long horizontal bands. With small degrees of in-plane misalignment, these fibers ap­
pear as ellipsoids. A measure of the length of the ellipsoid, I, to the diameter of the 
ellipsoid, d, provides the angle of misalignment, (o, according to the relation: 
sin((o) = (3) 
A detailed description of this technique is given in Reference 9. 
Finite element models of the laminates with intentional fiber misalignment were 
developed using four-noded generalized plane strain elements, to simulate uniaxial 
compression. Finite element models of this type have been successful for predicting 
free-edge strains and stresses [5,10]. Symmetry conditions permit only one-fourth of 
the plate to be discretely modeled (Figure 9). The displacement function w was pre­
scribed as zero on the line f{x.,\/,z) = f{Q,y,0) and the displacement function v was pre­
E„ = constant across mesh 
7^  
w = 0 
Figure 9. Finite element model. 
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scribed as zero on the line /(x.y.z) = f{0,0,z). A constant strain was prescribed in the x-
direction to impose the uniaxial compression loading condition. Results from Refer­
ences 5 and 10 were used to guide the selection of mesh density for the finite element 
model shown in Figure 9. 
Results 
Strains were determined from the moire fringe patterns shown in Figures 7 and 
8. A representative plot of the free-edge interlaminar shear strain concentration along 
the length of the sample with 5° misalignment is shown in Figure 10. Note that this 
includes four sets of data, namely the shear strains from the combination of the U and 
V fields for both left and right interfaces of the central misaligned layer; and the shear 
3 
2 
Sx 
1 
0 
Figure 10. Free-edge interlaminar shear strain concentration varies along the length 
of the samples (5° misalignment sample shown). 
• Shear/Axial, le<t interface 
• ShearlAxial, right interface 
A Shear/Axial, rotated, le(t interface 
• Shear/Axia I, rotated, right interface 
Position, X 
159 
strain from the combination of the (U+R) and (V+R) fields for both interfaces of the 
central misaligned layer. Ideally, these four curves should be identical. Differences 
can be attributed to small amounts of sample misalignment during testing, and to local 
variations in fiber misalignment within the misaligned layer (Figure 11). This strain 
variation along the specimen length is typical for the samples tested, as is the dis­
agreement between the four sets of data. Note that the larger strain variations at either 
end of Figure 10 may be attributed to greater degrees of fiber misalignment, as shown 
in Figure 11. Furthermore, some of the apparent fluctuations in the interlaminar shear 
strain may be attributed to local fluctuations in misalignment. 
8 
7 
e 
(deg) 
6 
5 
4 
Figure 11. Fiber misalignment angle, 0, varies along the length of the samples (5° 
misalignment sample shown). 
f • Left interface 
• Right Interface 1 / 
/ 
/ 
H /l 
Position, X 
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Average values of free edge Interiaminar shear strain concentration obtained 
for each sample are plotted in Figure 12, along with finite element predictions. Al­
though the samples were intended to represent 0°,2°,5°,10° and 15° of fiber misalign­
ment, actual misalignment differed slightly. Table 1 summarizes the fiber misalignment 
and free edge shear strain concentrations for these samples. In this table, the 95% 
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1 
/ ^  H 
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-•-Predicted (FEA) iA 
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In-Plane Fiber Misalignment, degrees 
40 45 
Figure 12. Free-edge interiaminar shear strain concentration varies with angle of fiber 
misalignment (All samples [(903/03)2/903/83/903/(03/903)2]). 
Table 1. Experimental results for fiber misalignment and free-edge interiaminar shear 
strain concentration. 
Misalignment Angle, 0, degrees 95% Standard 95% Standard 
Nominal Actual Normal Ex Normal 
0 0.0 +1.0° 0.2 ±0.3 
2 2.0 +1.2° 0.5 ±0.5 
5 5.2 +1.7° 2.4 ±1.0 
10 10.2 +0.4° 4.8 ±0.3 
15 14.6 +1.8° 5.2 ±1.1 
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standard normal is defined as the range that includes 95% of the experimental data. In 
general, finite element predictions support the experimental data quite well. The close 
correlation supports the chosen mesh density for comparisons to experimental results, 
as a more refined mesh would predict higher strain concentrations due to discontinuities 
in material properties which occur at the boundaries of discrete layers. This tendency 
to overpredict experimentally determined shear strains occurs because the resin rich 
boundary between layers is not modeled. This overprediction phenomena is illus­
trated in Figure 13 through comparison with the work of Herakovich et al. [5]. Figure 
13 shows finite element predictions and experimental results for free-edge interlaminar 
shear strain concentration in laminates with pairs of misaligned layers (±0). Finite 
element analyses using the model of Figure 9 predict somewhat lower strain concen­
trations than the higher mesh density model of Reference 5. Note also that the differ-
9-C 0 
1 8-
c 0 
^7. 
o 
o 
•§6. 
CO 
CO 5-
<v 
x: 
CO 
^ 4-CD ^ c 
E 
i5 3 
s c 
0) 2 
"D 
(U I 
<D 
y 
/ 
V. 
s. K k X 
V 
N 
N 
N 
I 1 
\ 
N 
\ 
. 
s 
\ 
\ 
N 
N. 
-1 
B Experimental (moire) Herakovich et. al. 
- -•-Predicted (FEA) Herakovich, et. al. 
Predicted (FEA) 
10 15 20 25 30 35 
In-Plane Fiber Misalignment, degrees 
40 45 
Figure 13. Free-edge interlaminar shear strain comparisons to Reference 5 (All 
samples [6/ -6JJ 
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ence in sliear strain concentration between a single nnisaligned layer (0) and a pair of 
misaligned layers (±0) is relatively insignificant, as evidenced by a comparison of 
Figures 12 and 13. Experimental data from Reference 5 support predicted shear strain 
concentrations from the model of Figure 9, and were overpredicted by the finite ele­
ment model of Herakovich et al. Since the focus of Reference 5 was to determine the 
layer orientation angles that produce maximum free-edge shear strain concentration, 
misalignment angles less than 10° were not considered. 
The cross-ply laminate, without fiber misalignment, should have no in-plane 
free-edge interlaminar shear strain because it contains no angle plies. Experimental 
results, however, reveal a shear strain concentration of 0.2. The existence of this 
small amount of free-edge shear strain concentration may be due to small degrees of 
in-plane fiber misalignment. Even laminates fabricated from prepreg tape exhibit local 
variations in fiber orientation of +1 -2°, producing free-edge shear strain concentrations 
on the order of 1.0 with 95% standard normals on the order of 0.5. This sensitivity to 
very small degrees of misalignment complicates an accurate assessment of free-edge 
strain because very small angles of fiber misalignment can not be determined accu­
rately using the approach described previously. Of greater significance is the ±0.3 
95% standard normal displayed by the shear strain concentration data for the cross-
ply laminate with no misalignment. These levels of free-edge shear strain concentra­
tion with these 95% standard normals can be expected in samples produced using 
conventional fabrication methods. These findings suggest that moire interferometry 
may not be well suited for investigating strain variations in composite materials without 
some reliable means of separating this free-edge effect. 
Recent investigations have shown interlaminar shear strain concentrations in 
samples with severely undulating waves (out-of-plane layer deformations) to be ap­
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proximately 1.0, depending on the relative geometric placement of the waves [2,11,12], 
These same studies found interlaminar shear strain concentrations on the order of 0.5 
for moderately undulating waves. These values are within the ranges of free-edge 
shear strain concentrations determined for wave-free laminates with misaligned lay­
ers. Since wavy layers often include in-plane fiber misalignment in regions of out-of-
piane undulations, the fraction of the measured shear strain due to in-plane fiber mis­
alignment must be subtracted from the total strain. Otherwise, moire interferometry 
results may be exhibiting the free-edge shear strains associated with the in-plane fiber 
misalignment rather than the shear strains due to the undulation. Note that the refer­
enced studies [2,11,12] used idealized samples with nested waves, and thus had only 
small in-plane fiber misalignments similar to those of the idealized samples in this 
study. Experimentally determined free-edge strains will be higher for textile compos­
ites, where in-plane fiber misalignments of 5° are common, and fiber misalignments of 
15° or more are not unusual. 
As mentioned in the introduction, a recent study used moire Interferometry to 
measure deformations on the edge of a 2-D woven laminate [1]. The lack of correla­
tion between experimental results and analytical predictions is believed to be due to 
the influence of small degrees of in-plane fiber misalignment, which were not accounted 
for. This conclusion is supported by the authors' admission that the magnitude of the 
shear strains calculated from the V-field fringes were several times larger than those 
due to the U-field fringes. Recall that in-plane misalignment predominantly affects the 
V-field fringes. The experimental distributions of strain reported in Reference 1 may 
not be reliable because the strains due to in-plane fiber misalignment were not re­
solved and removed from the experimentally determined strains, fvlirzadeh and 
Reifsnider [1] further concluded that the fiber bundles had a great influence on one 
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another. This conclusion nnay be based on the portion of the experimental strains due 
to free-edge effects. 
The observation that in-plane fiber misalignment primarily affects the V-field 
fringes is beneficial, if out-of-plane fiber layer undulations only affect the U-field fringes, 
then experimental separation of free-edge effects in composites may be possible. Ex­
periments and finite element analyses have revealed that out-of-plane undulations 
affect both U and V field fringes [2,11,12]. However, as fibers undulate out-of-plane 
they often become misaligned in-plane. Further experiments may show that free-edge 
interlaminar shear strains and interlaminar shear strains due to the fiber architecture 
can be separated experimentally by considering the components of shear from the U 
and V fields independently. To date, no theoretical justification for this separation has 
been discovered. 
A determination of free-edge strains due to in-plane fiber misalignment requires 
an accurate measure of local fiber misalignment as well as a calibrated analytical pro­
cedure. The results of this research illustrate the difficulty associated with an accurate 
determination of both in-plane fiber misalignment and predicted free-edge interlaminar 
shear strain. First, there is large scatter seen in the measurements of in-plane fiber 
misalignment. The techniques described by Yugartis [9] are impractical for small de­
grees of in-plane misalignment (less than 1° to 2°), and are labor intensive because 
the length, diameter and position of every filament at the surface must be measured. 
Furthermore, these techniques are incapable of determining the sign of fiber misalign­
ment. This can be critical for samples which may be nominally aligned but which 
experience small positive and negative in-plane undulations. For global measure­
ments, one can slice the sample at some arbitrate angle and thus measure variations 
about that angle. To be successful for moire interferometry, however, one must have a 
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method for examining the actual test surface and thus it is not feasible to section the 
sample at known angles. Second, as shown here and reported in Reference 5, 
interlaminar shear strain concentrations predicted using finite element methods can be 
higher than those determined experimentally, even when relatively coarse finite ele­
ment meshes are used. These limitations complicate calculations of interlaminar shear 
strains for composites with in-plane fiber misalignment, because a knowledge of the 
degree of fiber misalignment will not allow one to adjust for free-edge effects using 
analytical predictions, unless the analytical methods are calibrated using experimental 
data. 
For future composite studies, experimentally determined free-edge strains for 
small angles of fiber misalignment, such as those presented in this paper, will be useful 
for correcting experimental data or for calibrating analytical methods. Since the mag­
nitude of shear strain due to specific levels of fiber misalignment has been determined, 
free-edge strain may be subtracted from the experimentally determined strain. Sub­
tracting free-edge strains is only practical if very accurate measurements of local in-
plane misalignment can be performed, or if very idealized samples with no in-plane 
misalignment are fabricated. Separation of free-edge strains from experimental strains 
will allow detailed studies of the strains due to fiber architecture alone. 
Finally, although this paper has focused on interlaminar shear strains due to in-
plane fiber misalignment, other microstructural variations have been shown to influ­
ence strains in moire interferometry experiments [2]. Variations of concern include 
resin rich surface regions, resin rich regions between layers, and microcracks. The 
effect of each of these microstructural variations on total strain should be accounted 
for to ensure the accuracy of experimental results using moire interferometoy. 
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Conclusions 
Small degrees of in-plane fiber misalignment are shown to have significant in­
fluence on the magnitude of measured interlaminar shear strains in composite materi­
als. For this reason, investigators must be acutely aware of potential free-edge effects 
when performing moire interferometry experiments on composite materials. Experi­
mentally determined strains in intentionally misaligned samples are useful for predict­
ing free-edge strains due to local fiber misalignment in composites. If in-plane fiber 
misalignment can be accurately measured, then these free-edge strains may be sub­
tracted from the experimentally determined strains of the composite to evaluate the 
effects of fiber architecture alone. 
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CHAPTER 9. INFLUENCE OF OPPOSING WAVE NESTING ON MECHANICAL 
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Abstract 
Under static compression loading, large interlaminar normal and shear strains 
have been shown to occur as a result of layer wavlness. Previous research has shown 
that nested (in-phase) layer waves produce roughly the same maximum interlaminar 
shear and normal strain values as a single wave of similar geometry. Experimental 
results using moire interferometny and analytical predictions using finite element tech­
niques reveal that the same is true for opposing (out-of-phase) waves. This supports 
the conclusion that mechanical performance in wavy composites will be primarily due 
to the amplitude of individual waves and the total number of waves in the laminate, and 
that local interactions among waves are insignificant. 
Introduction 
Layer wavlness is a manufacturing defect found in thick-section composite lami­
nates and is a feature of woven textiles. It is characterized by the out-of-plane undula­
tion of a layer or a group of layers. The effect of single waves on mechanical perfor­
mance has been shown to cause significant reductions in the compression perfor­
mance of a laminate [1,2]. This reduction of in-plane performance is attributed to the 
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influence of high interlaminar shear and interlaminar normal stresses [3-6]. More re­
cent investigations have concluded that nested arrangements of undulations have no 
further influence on local interlaminar strains [7]. These wave arrangements are of 
interest because random occurrences of both nested and opposing undulations are 
seen in thick section laminates (Figure 1), and because automated weaving opera­
tions for textile composites produce materials with a repeating microstructure of wavy 
layers (Figure 2). 
Nested Undulations Opposing Undulations 
Figure 1. Wave nesting can occur in either nested or opposing arrangements. 
Layer-to-Layer Angle Interlock 3D Braid 
Figure 2. Automated weaving operations produce textiles with repeating patterns of 
undulations. 
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This investigation addresses the influence of opposing cases of nested waves 
on static compression performance, and compares interlaminar shear and normal strain 
distributions to those for isolated waves and for nested waves. Two layer wave forma­
tions are investigated, differing by the number of intermediate layers separating the 
wavy layers (three and seven), and by the total number of layers in the laminate. 
Interlaminar normal and shear strain distributions are predicted using two-dimensional 
finite element models. Moire interferometry is used to study experimental strain distri­
butions and wave interaction effects. 
Specimen Fabrication 
All samples were fabricated from IM7/8551-7A carbon/epoxy prepreg tape us­
ing a steel well-and-plunger mold and the vendor recommended cure cycle [8]. Lami­
nates are nominally cross-ply, with the waves occurring in pairs of 0° layers. Each 
layer consists of two piles. The close opposing nest sample contains fifteen layers, 
with the waves in layers six and eight (numbered consecutively from either surface). 
The separated opposing nest sample contains nineteen layers, with the waves in lay­
ers six and fourteen. These samples are shown in Figure 3. For comparison, the 
nested cases investigated in Reference 7 are shown in Figure 4. Note that the classi­
fication of "nested" used here implies waves which undulate in-phase, whereas the 
classification of "opposing nest" implies waves which undulate out-of-phase. Thus, 
the nested cases produce slightly unsymmetric laminates by the strict mechanical defi­
nition, and the opposing nests produce symmetric laminates. 
The wavy layers were produced by removing two thin strips of prepreg material 
from the adjacent 90° plies (Figure 5). One of these strips was rolled into a cylinder 
and placed above the 0° layer, while the other was divided in half, roiled into two 
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Figure 3. Opposing nest samples. 
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Figure 4. Nested samples [7], 
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Figure 5. Fabrication technique to produce wavy layer. 
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cylinders, and placed below the 0° layer. A wave is produced in the 0" layer as the 
laminate is compacted, and this wave is maintained as the laminate cures. The geom­
etry of the wave may be controlled by placement and size of the included cylinders. 
For this investigation, the wavelength and amplitude of the layer waves are constant, 
such that the only difference in the samples is the separation of the undulations. Note 
a small amount of mirroring in neighboring layers, wherein a slight undulation was 
produced due to the influence of the intended wave. Since the severity (amplitude and 
wavelength) of these undulations was much less than that of the primary waves, their 
influence was assumed to be negligible. This assumption is supported by previous 
work which indicates that waves with very slight undulations do not produce significant 
interlaminar strain [7]. 
Sample quality was verified through the use of ultrasonic nondestructive evalu­
ations. Laminates were studied in both pulse-echo and through-transmission arrange­
ments. Variations in laminate quality (porosity, inclusions or delaminations) could be 
detected in these evaluations, but were not present in these samples. An additional 
benefit of these ultrasonic evaluations was an image of the embedded wavy layer 
(Figure 6). While these techniques could not characterize the actual wave geometry, 
they clearly illustrated the alignment and uniform wavelength of the undulation. 
Sample preparation consisted of bonding glass/epoxy tabbing material onto the 
laminates and cutting 3.81 cm by 1.27 cm specimens from each laminate. The ends of 
the samples were then ground to ensure that the loading ends are parallel to one 
another and perpendicular to the test surface. This ensures that one can produce 
uniform strain fields in the laminate during compression testing. 
It is of particular importance to ensure that sample fiber alignment is maintained, 
such that the 0° layers exhibit no angular orientation at the free-edge. Small degrees 
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Section A-A 
Figure 6. Ultrasonic nondestructive evaluation verifies sample quality and placement 
of undulation. 
of in-plane fiber misalignment have been shown to produce large interlaminar shear 
strains [9]. Thus, prior to testing, each sample was polished and investigated for fiber 
misalignment using a high-power photomicroscope. The theoretical basis for measur­
ing misalignment in this manner is given by Yugartis [10]. An example photomicro­
graph, shown in Figure 7, illustrates that these samples had very little in-plane fiber 
misalignment (0° fibers are seen as long strands and not as short ellipses). Although 
some local misalignment does occur in these samples, it is seen to be of small magni­
tude (1° - 2°) and occurs away from the region of influence of the wavy layer. 
Worst Case 
Misalignment 
(-2°) 
Figure 7. Photomicrographs verify in-plane alignment of samples. 
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Finally, a 1200 line/mm cross-line diffraction grating is replicated onto the edge 
of the sample. Also, to facilitate alignment of the loading fixture and to verify global 
strain, strain gages aligned in the loading direction are bonded to the other three edges. 
Finite Element Analysis 
Finite element analyses were used to compare to the experimental results ob­
tained with moire interferometry. These comparisons ensure that no errors are intro­
duced to the experimental results due to anomalies in the samples. A linearly-elastic, 
plane strain model using four-noded quadratic elements was used to analyze the 
samples for this investigation. Models of this sort have been shown to be effective for 
comparisons with moire interferometry results [3,6,7,11,12]. Geometries for the finite 
element models represent the actual sample geometries, with the exception that minor 
undulations due to mirroring are neglected (as discussed previously). Symmetry con­
ditions permit modeling only one-fourth of the laminate (Figures 8 and 9). The model 
for the close opposing nest sample consists of 3300 elements, 3536 nodes and 6810 
degrees of freedom, whereas the model for the separated opposing nest sample con­
sists of 4180 elements, 4420 nodes and 8570 degrees of freedom. 
X 
V = 0 Ly V = Vg 
u = 0 
Figure 8. Finite element model for close opposing nest sample. 
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Figure 9. Finite element model for separated opposing nest sample. 
Homogeneous 0° and 90° orthotropic material properties were assigned to each 
element according to a local element coordinate system. Thus, in the region of the 
wavy layer, the material properties follow the wave geometry. Material properties for 
IM7/8551-7A used in this investigation are listed in Table 1 [8]. 
Table 1. Material properties for IM7/8551-7A prepreg tape [8]. 
Property 
22.3 Msi 154 GPa 
1.29 Msi 8.89 GPa 
Eg 1.29 Msi 8.89 GPa 
0.024 
V32 0.034 
V3, 0.024 
G^2 0.792 Msi 5.46 GPa 
G23 0.454 Msi 3.13 GPa 
G,3 0.792 Msi 5.46 GPa 
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Testing Procedure 
The prepared specimens were loaded using an opposing wedge compression 
fixture mounted to an optical table which also hosts a four-beam moire interferometer, 
A key feature of this load fixture was the incorporation of rotation and translation stages 
(Figure 10) which allow small adjustments in sample orientation. Information from 
strain gages on the three sample sides without the moire grating and the moire fringe 
pattern itself were used to determine which adjustments were necessary to improve 
alignment. 
Moire fringe patterns for the opposing nest samples were recorded at strain 
levels of 1500 |ie and 2500 |i£. Representative moire fringe patterns for these samples 
are shown in Figure 11. Note that the V-field patterns illustrate uniform axial compres­
sion (horizontal, evenly spaced fringes), and that the U-field patterns illustrate a small 
amount of shear (non-vertical but sparse fringes away from the wave region) due to 
less than perfect alignment of the samples. 
Grating surface 
Glass/epoxy tabs 
Strain gage 
Rotation"' 
adjustme 
Translational 
Translation ' 
stage 
adjustment 
Figure 10. Rotation and translation stages ensure sample alignment. 
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U Close V U Separated V 
Figure 11. Moire interferometry fringe patterns for opposing nest samples. 
For both samples, interference fringes were recorded at a given axial strain for 
the conventional U and V fields as well as for the same fields with an imposed carrier 
of rotation (U+R and V+R). This rotation served to add a constant shear strain to both 
the U and V fields, although in an opposing sense such that the total shear given by 
3U 8V 1 9Nv 9N, 
+ 
3y 3x 
(1) 
remains a constant (where f is the frequency of the reference grating (4800 lines/mm 
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for all tests) and 3N/3j represents the fringe density of the i field measured in the j 
direction). A comparison of results from both rotated and non-rotated fields allows one 
to avoid errors due to an incorrect determination of the fringe slopes. Strain results 
from fringe field data reduction of the two cases should, and in our case do, agree. 
This is particularly important for the sparse U fields, in which an accurate determina­
tion of fringe density and slope is difficult. Rotated U and V fields for these sample are 
shown in Figure 12. The disturbance in the strain field near the undulation Is more 
pronounced in these fringe patterns, particularly in the rotated U-field. 
U-t-R Close V+R U-t-R Separated V-i-R 
Figure 12. IVIoire fringes with imposed rotation for opposing nest samples. 
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Results 
Analysis of moire fringe patterns is described in detail by Post, Han and Ifju [13]. 
Figure 13 illustrates the coordinate system which is used to determine strain compo­
nents according to the relations: 
f dx 
£y = _ 1 
f 3y 
(2) 
(3) 
(4) 
where and are the fringe orders in the u and v displacement fields, respectively. 
Layer interface strains are converted to local normal and tangential coordinates through 
the relations; 
En = ^ £x + Ey) + " ey)cos(2e) + lYxySin(2e) 
Es = + Ey) + ;^Ex - £y)cos|2e + Oj + iYxySinj2e + n 
7ns = - ^ £x - Ey)sin(2e) + lYxyCos(2e) 
(5) 
(6) 
(7) 
Top Interface 
Bottom Interface 
Figure 13. Layer wave geometry and coordinate system. 
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where 0 represents the angle of undulation (Figure 13). These strains are 
nondimensionalized by dividing by the applied axial strain. Similarly, the position along 
the layer interface is nondimensionalized by dividing by one layer thickness of 0.01 
inch. This nondimensionallzing is consistent with previous research [1-4,6,7] and will 
facilitate a comparison of results. 
Experimental strain profiles for the close opposing nest sample are shown in 
Figure 14. Interlaminar strains are calculated at the top interface of the wavy 0° layer, 
since this is the interface where the maximum strains occur. As with previous studies, 
the maximum interlaminar normal strain occurs at the central crest of the wave, (y/t = 
0) and the maximum interlaminar shear strain occurs near the inflection points of the 
wave (y/t = ±4). Experimental values for the maximums are determined to be 1.1 times 
the applied axial strain for the interlaminar normal strain and 1.3 times the applied axial 
strain for the interlaminar shear strain. These values correspond to predicted strain 
concentrations of 1.4 for interlaminar normal and 1.1 for interlaminar shear in samples 
with single isolated waves with similar wave geometry (amplitude and wavelength) [7]. 
Similarly, the predicted strain concentrations for a closely nested configuration of un­
dulations with similar geometry has been shown to be 1.2 for interlaminar normal and 
1.2 for interlaminar shear [7], 
The experimental profiles for the separated opposing nest sample are shown in 
Figure 15. These strains are also calculated along the top interface of the wavy 0° 
layer. Experimental maximum values are 1.3 times the applied axial strain for 
interlaminar normal strain, and 0.6 times the applied axial strain for interlaminar shear 
strain. Note that these results are similar to those for the close opposing nest sample, 
differing only by the magnitude of the predicted interlaminar shear strain concentra­
tion. The predicted strain concentrations for a separated nested case have been shown 
to be 1.1 for interlaminar normal and 2.3 for interlaminar shear [7]. 
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Figure 14. Interlaminar strain variations for close opposing nest sample. 
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Figure 15. Interlaminar strain variations for separated opposing nest sample. 
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Finite element predictions for interlaminar strains are given in Figures 16 and 
17 for the close and separated opposing nest samples, respectively. These predic­
tions generally agree quite well with experimental results, verifying the quality of the 
samples and the experimental procedures. Theoretical maximum values for the close 
opposing nest are 0.6 times the applied axial strain for interlaminar normal strain, and 
1.2 times the applied axial strain for interlaminar shear strain; for the separated nest 
the predicted strain concentrations are 0.5 times the applied axial strain for interlaminar 
normal strain, and 1.0 times the applied axial strain for interlaminar shear strain. The 
predicted values for interlaminar normal strain are believed to be low due to the deci­
sion to idealize the wave geometry and to model only one-fourth of the laminate. The 
slope of the wave was forced to zero at the crest to ensure smooth connectivity at the 
imposed symmetry boundary condition, and this may have affected peak normal strains 
at this location. In reality, the wave is not perfectly symmetric about the crest, and 
future analyses should digitize and model the entire wave. 
Theoretical (finite element) predictions and experimental (moire) data for nested, 
opposing nest and isolated wave samples are summarized in Table 2. The greatest 
disparity appears to be between predicted and experimental data for interlaminar shear 
strain in samples with moderately separated undulations. Note that the finite element 
model predicts a somewhat lower interlaminar shear strain concentration for the sepa­
rated opposing nest sample than for the close opposing nest sample, but the differ­
ence is not as severe as in the experimental data. Similar results were found for the 
nested cases, except experimental data for separated waves was higher than that for 
single waves [7]. For the nested cases, the finite element models predicted only a 
slight decrease in interlaminar shear strain for moderately separated nests over close 
nests, whereas the experiments showed a substantial increase in interlaminar shear 
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Figure 16. Finite element predictions for close opposing nest sample. 
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Table 2. Strain variation due to fiber waviness. 
Sample e 
max 
6/X X/t (E /E ) * 
* n app'max 
(y /e ) 
app'max 
Single severe wave [ 7] is.o-^ 0.051 20 1.4/1.1 1.1/0,9 
Three nested severe waves [7] 13.2° 0.052 20 1.2/1.2 1.2/1.6 
Three moderately isolated 
severe waves [7] 
13.1° 0.051 20 1.1/1.1 2.3/1.5 
Three isolated severe waves [7] 12.9° 0.053 18 0.9/ - 0.8/ -
Single moderate wave [7] 5.5° 0.044 22 0.8/ - 0.5/ -
Opposing nest severe waves 14.0° 0.070 19 1.1/0.6 1.3/1.2 
Moderately isolated opposing 
nest severe waves 
12.0° 0.067 20 1.3/0.5 0.6/1.0 
*Experimental (moire)/Predicted (finite element analysis) 
strain [7]. Addressing the nested and opposing nest samples simultaneously, the ex­
periments suggest that there may be additive interlaminar shear strain effects for nested 
waves which are moderately separated and there may be cancelling interlaminar shear 
strain effects for opposing nest waves which are moderately separated. The finite 
element models do not conclusively support this, and would predict the magnitude of 
the effect to be much smaller. 
Conclusions 
Under static compression loading, large interlaminar normal and shear strains 
are seen to occur as a result of layer waviness. These interlaminar strains, in fact, 
approach or exceed the magnitude of the applied axial strain. Previous research has 
shown that nested (in-phase) layer waves produce roughly the same maximum 
interlaminar shear and normal strain values as a single wave of similar geometry. This 
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research extends this and demonstrates that the same is true of opposing (out-of-
phase) nests. In general, maximum interlaminar shear and normal strains are a func­
tion of the severity of individual waves found within the laminate, and local interactions 
among individual waves are not significant. Further research, however, should pursue 
the possibility of additive or cancelling interlaminar shear strain effects for moderately 
separated undulations. Similar research is underway to assess the influence of re­
peating patterns of nested waves, such as those seen in textiles produced by auto­
mated processes. 
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CHAPTER 10. AN EXPERIMENTAL INVESTIGATION INTO STRAIN DISTRIBU­
TION IN 2D AND 3D TEXTILE COMPOSITES 
A paper to be submitted to Journal of Composite Materials 
R.D. Hale and D.O. Adams 
Department of Aerospace Engineering and Engineering Mechanics 
Iowa State University 
Abstract 
Moire interferometry is an experimental technique which is being viewed favor­
ably for verifying analytical predictions of mechanical performance in textile composite 
materials. However, since interferometry measures displacements (strains) at a free 
surface, one must be careful to separate the effects due to textile architecture from 
those due to free-edge effects. The most significant free-edge effect is shown to be 
due to in-plane fiber misalignment. However, moire interferometry is also sensitive to 
the local microstructure of the textile, to include cracks, resin rich areas, porosity, bro­
ken fibers and inclusions. Moire interferometry techniques are not quantitative for 
testing edges (surfaces which include interlaminar boundaries) of most real-world (non-
idealized) textiles due to the inability to characterize the mechanical response due to 
local variations in microstructure. Thus, there is a need for samples of a very idealized 
nature. 
Introduction 
Textile composites, particularly three-dimensionally reinforced textile compos­
ites, are being considered with favor for emerging applications which involve large 
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scale cocured composites or significant out-of-plane loads. Presently, one limiting 
technology is an incomplete understanding of the mechanics associated with these 
complex fiber architectures. In many cases, analytical predictions have not agreed 
with mechanical test results due to the idealized models chosen to represent the ac­
tual fiber architecture [1]. Often the differences between the ideal model geometry and 
the actual as-cured geometry are severe (Figure 1). This statement may be particu­
larly true for the degree of in-plane fiber misalignment present in textile composites. 
The interlocking nature and more complex fiber architecture of these textiles often 
produce in-plane fiber alignments which stray significantly from nominal alignment (Fig­
ure 2). 
Moire interferometry appears to be an ideal experimental technique for textile 
composites due to the sensitivity possible and the full-field visualization of displace­
ments. However, moire interferometry measures surface displacements, and thus is 
prone to the detection of free-edge strains. Unfortunately, composite laminates with 
angle ply reinforcement experience in-plane or interlaminar free edge strains along 
Q 
3 
Ideal (as-woven) 
nirf iiinWilMtlfr'i'ii'i'"' ' 
Actual (as-cured) 
Figure 1. Actual as-cured fiber architectures vary significantly from idealized or as-
woven fiber architectures. 
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Short elliptical fibers 
indicate large degrees 
of in-plane misalign­
ment — 
Long fibers indicate 
small degrees of in-
plane misalignment 
Twisting of the tow is 
evident 
Figure 2. Textile composites exhibit significant in-plane fiber misalignment. 
the angle ply interfaces. Although many of the textiles being investigated [1] are nomi­
nally cross-ply laminates (0° and 90° in-plane fiber alignment) with various through-
the-thickness reinforcement, significant in-plane fiber misalignment is measured in all 
samples. Recent research has confirmed that even very small amounts of in-plane 
fiber misalignment can produce very large interlaminar shear and normal strains [2]. 
The relationship between interlaminar shear strain (normalized with respect to the ap­
plied axial strain) and in-plane misalignment for magnitudes of misalignment typical in 
textile composites is shown in Figure 3. 
Representative textile samples have been obtained for investigation using moire 
interferometry. These samples exhibit variations in as-cured fiber architecture which 
include fiber waviness (in-plane and out-of-plane) as well as resin-rich pockets where 
fibers have been displaced (Figures 1-2). Other flaws typical to textile composites are 
also present, including microcracking and broken fibers. Moire interferometry results 
reveal that each of these variations has an effect on the complexity of the displace­
ment field [3]. Examining more than one of these characteristics simultaneously makes 
interpretation of experimental data extremely difficult, as will be shown. 
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Figure 3. Interlaminar shear strain is very sensitive to even small degrees of in-plane 
fiber misalignment [2]. 
The authors have developed fabrication techniques for producing textile com­
posites of a more idealized nature [3,4], controlling parameters such as fiber waviness 
(in-plane and out-of-plane) to reduce the number of fiber architecture variations within 
a given composite sample. Representative samples fabricated using these techniques 
are shown in Figure 4. The fiber architectures of these samples are representative of 
the undulations seen in laminates fabricated from cloth prepreg, or textiles produced 
using automated methods. Furthermore, although these materials do not have the 
through-the-thickness reinforcement of many of the textiles being investigated, they 
exhibit specific patterns of nested fiber undulations common to 3D textile composites. 
This is illustrated in Figure 5, where the layer-to-layer angle interlock clearly demon­
strates a repeating pattern of diagonally nested fiber undulations. Similarly, the 3D 
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A. Isolated Waves B. Nested Waves 
mm 
C. Separated Nested Waves 
E. Separated Opposing Nest Waves 
D. Opposing Nest Waves 
F. Diagorial Nest (5-Harness) 
G. Stacked Nest (5-Harness) H. Split-Span Nest (5-Harness) 
I. Stacked Nest (Plain Weave) J. Split-Span Nest (Plain Weave) 
Figure 4. Representative idealized samples. 
braid architecture demonstrates repeating patterns of fiber undulations which are stacked 
directly upon one another. Through investigations of these idealized textiles, moire 
interferometry can provide displacement fields due to textile geometry and thus pro­
vide insight into the effects of specific fiber architecture features on the moire fringe 
fields. Even these samples, however, exhibit in-plane fiber misalignment on the order 
of +2° and locally as severe as ±5°. This misalignment results in significant scattering 
of experimental strains determined using moire interferometry, and casts a shadow of 
doubt over which strains are due to the fiber undulation patterns and which are due to 
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»!: 3D Weave 
Layer-to-Layer Angle Interlock 3D Braid 
Diagonal Nest Stack Nest 
Figure 5. 2D idealized samples are representative of typical 3D textile nesting. 
free-edge effects. Furthermore, the nested samples exhibit some mirroring, or minor 
undulations in layers which neighbor the deliberately undulating layers. The presence 
of these additional undulations will also influence the local distribution of strain. 
To investigate the effects of various fiber architectures on mechanical perfor­
mance, idealized samples such as those shown in Figure 4 were fabricated. Com­
pression samples of the geometry shown in Figure 6 were prepared from each of these 
samples. Good moire fringe patterns are easier to obtain with tension loading due to 
the reduced sensitivity to loading alignment. However, textile composites are more 
interesting in compression due to the severe reductions in compressive strength which 
can result from the undulating textile architecture. 
The prepared specimens were tested using an opposing wedge compression 
fixture mounted to an optical table which also hosts a four-beam moire interferometer. 
A key feature of this load fixture is the incorporation of rotation and translation stages 
(Figure 7) which allow small adjustments in sample orientation. Information from 
Approach 
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Figure 6. Geometry of moire compression samples. 
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adjustment 
Figure 7. Translation and rotation stages help ensure samples are properly aligned 
during moire tests. 
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strain gages on the three sannple sides without the moire grating and the moire fringe 
pattern itself are used to determine which adjustments are necessary to improve align­
ment. 
Photomicrographic measurements have been performed for all samples to evalu­
ate the actual fiber alignment and to document the local microstructure. The technique 
for assessing in-plane fiber misalignment takes advantage of the fact that nominally 0° 
plies, when sectioned, appear as long horizontal bands, but at small degrees of in-
plane misalignment these fibers begin to appear as shorter ellipsoids. A measure of 
the length of the ellipsoid, I, to the diameter of the ellipsoid, d, provides the angle of 
misalignment, co, according to the relation: 
sin(co)=^ (1) 
A detailed description of this technique is given in Reference 5. Even laminates fabri­
cated from prepreg tape exhibit local variations in fiber orientation of ±1 -2°. This varia­
tion will cause large scatter in the predicted free edge strain concentrations, due to the 
extreme sensitivity of moire interferometry to small degrees of in-plane fiber misalign­
ment (Figure 3). 
Results 
Several of the samples shown in Figure 4 have been reported on previously [6-
10]. The isolated wave samples (Figure 4A) were useful for characterizing the strain 
variations due only to the wave geometry. Representative results are shown in Figure 
8 [6]. Clearly, the presence of the undulation has a significant influence on the strain 
distribution, particularly along the undulating layer interface. The severity of the inter-
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Figure 8. Interlaminar strain variations for a severe isolated wave [6]. 
laminar strain concentration is shown to be related to the amplitude and the wave­
length of the imposed undulation [6-8]. 
Laminates with nested patterns of in-phase waves (Figures 4B and 4C) have 
been shown to have interlaminar strains which are no different than for laminates with 
isolated waves of the same geometry [7]. Similar results have been shown for the 
opposing nest samples (Figures 4D and 4E) [8], although these results suggest that 
there may be a mutual influence at some separation distance. Waves sufficiently spaced 
behave independently, as do waves with no separation. Waves which are only moder­
ately separated, by a few layers, may have an additive or cancelling influence depend­
ing on the relative arrangements of the undulations. Results of the above studies are 
summarized in Table 1. The geometry attributes of the waves addressed in this table 
are shown in Figure 9. 
A significant program of mechanical testing has been on-going for woven samples 
with repeating patterns of nesting (Figures 4F - 4J) [9,10]. Hundreds of samples have 
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Table 1. Strain variation due to fiber waviness. 
Sample e 
max 
5/X ^/t (e /e ) * 
^ n app'max iysnKX.: 
Single severe wave [7] 13.0° 0.051 20 1.4/1.1 1.1/0.9 
Three nested severe waves [7] 13.2° 0.052 20 1.2/1.2 1.2/1.6 
Three moderately isolated 
severe waves [7] 
13.1° 0.051 20 1.1/1.1 2.3/1.5 
Three isolated severe waves [7] 12.9° 0.053 18 0.9/ - 0.8/ -
Single moderate wave [7] 5.5° 0.044 22 0.8/ - 0.5/ -
Single severe wave [6] 10.0° 0.055 22 0.7/0.8 2.0/0.6 
Single very severe wave [6] 14.0° 0.068 20 0.8/1.2 1.2/1.0 
Opposing nest severe waves [8] 14.0° 0.070 19 1.1/0.6 1.3/1.2 
Moderately isolated opposing 
nest severe waves [8] 
12.0° 0.067 20 1.3/0.5 0.6/1.0 
*Experinnental (moire)/Predicted (finite element analysis) 
Top Interface 
Bottom Interface 
Figure 9. Layer wave geometry and coordinate system. 
been fabricated and tested in an attempt to characterize the influence of specific pat­
terns of repeating nests on mechanical performance. Although the scatter in the me­
chanical test data is fairly large, the results indicate a definite reduction in mechanical 
performance for the nested samples when compared to samples with random fiber 
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nesting (Figure 10) [10]. This Is particularly true for ultimate compression strength and 
strain. Two-dimensional finite element analyses have confirmed this reduction in me­
chanical performance. These finite element models differ slightly from the samples 
actually tested, however, as the samples exhibit a variation in the textile architecture 
through the depth which the two-dimensional model does not account for (the undula­
tions of the textile architecture vary in location depending upon the particular section 
being examined because the samples are nested into the laminate as well as through 
the thickness). 
Further idealization provides the samples shown in Figure 11. These samples 
exhibit a repeating diagonal pattern of nested waves, but the fiber architecture is in­
variant into the depth (nesting only occurs through the thickness and not into the lami­
nate). These weaves are referred to as 1-D weaves, implying that the only variation is 
in the through the thickness direction. The mechanical response of these samples 
100 
M 80 
Random Spirt-Span Stackad Diagonal 
Nesting Case 
Figure 10. Mechanical test results for samples with repeating nest patterns [10]. 
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Moderate Slight 
Figure 11. 1-D diagonal nest samples. 
should be identical to the finite element predictions. A representative set of moire 
fringe patterns for these samples is shown in Figure 12. 
Analysis of moire fringe patterns is described in detail by Post, Han and Ifju [11]. 
Recall that Figure 9 illustrates the coordinate system which is used to determine strain 
components according to the relations; 
U Moderate V U Slight V 
Figure 12. Moire fringe patterns for 1-D diagonal nest samples. 
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P _ l 3 N x  
'"""Tsr 
,  _ l 3 N ,  
Y«y = -
aN, aN, 
+ -
3y dx 
(2) 
(3) 
(4) 
where f is the frequency of the reference grating, and and are the fringe orders in 
the U and V displacement fields, respectively. Layer interface strains are converted to 
local normal and tangential coordinates through the relations: 
£n = ^ £x + Ey) + " £y)cos(2e) + lYxySin(2e) 
Es = :^ex + Ey) + ^ Ex - Eyjcos 26 + n + :^YxySin 20 + 0 
Yns = - ^ Ex - ey)sin(2e) + iYxyCos(2e) 
(5) 
(6) 
(7) 
where 6 represents the angle of undulation (Figure 9). These strains are 
nondimensionalized by dividing by the applied axial strain. Similarly, the position along 
the layer interface is nondimensionalized by dividing by one layer thickness. This 
nondimensionalizing is consistent with previous research [6-8] and will facilitate a com­
parison of results. 
Experimental strain profiles for the moderate 1 -D diagonal nest sample are shown 
in Figures 13-15. The geometry and position of the undulating 0° layer are shown in 
each of these figures in the upper portion of the graph. Interlaminar strains are calcu­
lated at the top interface of the most idealized wavy 0° layer (layer A in Figure 11), 
since this is the interface where the maximum strains occur. As with previous studies 
[6-8], the maximum interlaminar normal strain occurs at the central crest of the waves 
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Figure 14. Interlaminar normal strain variation for moderate 1 -D diagonal nest sample. 
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and the maximum interlaminar shear strain occurs near the geometric inflection points 
of the waves. Experimental values for the maximum interlaminar strain concentrations 
are determined to be 0.8 times the applied axial strain for the interlaminar normal strain 
and 0.3 times the applied axial strain for the interlaminar shear strain. These values 
correspond to predicted strain concentrations of 0.8 for interlaminar normal and 0.5 for 
interlaminar shear in samples with single isolated waves with similar wave geometry 
(amplitude, 5 and wavelength, X) [7], as summarized in Table 1. 
To illustrate the sensitivity of moire techniques to microstructural variations, Fig­
ure 16 shows the experimental interlaminar shear strain profile for the same sample, 
but within a different undulating layer (layer B in Figure 11). Again, the geometry of the 
particular layer is shown in the top portion of the graph. Note from Figure 16 that the 
geometry of this layer is much less ideal than that for Figures 13-15, as this layer 
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nest sample. 
displays no clearly repeating pattern of undulations. Rather, the entire layer assumes 
a sinusoidal shape with a series of smaller, seemingly random undulations superim­
posed. In this case, only qualitative judgements can be made about the strain distribu­
tion, as the widely scattered response can not be accounted for by wave geometry. 
The expected strain concentrations may appear at the wave locations, but they are not 
significantly different than those away from the wave location {where the shear strain 
should be nonexistent if no additional undulations were present). 
Similarly for the slight 1 -D diagonal nest, the amplitudes of the imposed undula­
tions are insufficiently large to produce interiaminar strain variations which are detect­
able from the background scatter (Figure 17). Recall from Table 1 that waves with 
moderate amplitudes produce interiaminar shear strain concentrations of only 0.5. Thus 
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Figure 17. Interlaminar shear strain in slight 1-D diagonal nest sample. 
we can expect much less concentration for these slight waves. Figure 18 illustrates 
the measured in-plane fiber misalignment for the slight 1-D diagonal sample. Even in 
this idealized sample there is significant misalignment. This can be caused by im­
proper lay-up, improper control during cure, or improper preparation of the test sample 
(cutting and subsequent grinding). Recall from Figure 3 that in-plane misalignment of 
only 1° or 2° can produce interlaminar shear strain concentrations of 0.5 to 1.0 - al­
ready of greater magnitude than the expected influence due to the wave. Predicted 
interlaminar shear strain concentrations due to average misalignment in the slight 1-D 
diagonal nest sample are shown in Figure 19. Although some of the variations in the 
strain distribution can be explained by in-plane fiber misalignment, as evidenced by 
the similar curve shapes, one can not resolve the strains due solely to the wave. This 
suggests that moire interferometry techniques may be limited to the study of relatively 
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Figure 19. Predicted interlaminar shear strain concentration due to in-plane misalign­
ment for slight 1-D diagonal nest sample. 
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large undulations, unless more idealized samples are fabricated which contain fewer 
microstructural variations. 
Of greater concern, perhaps, is the large scatter seen in the measurements of 
in-plane fiber misalignment. Accurate free-edge shear strains can not be calculated 
unless fiber misalignment can be measured with equivalent accuracy. The techniques 
described by Yugartis [5] were never intended for detailed measurements of local mi-
crostructure at a specific surface. These techniques are impractical for small degrees 
of in-plane misalignment (less than 1° to 2°) and are labor intensive as one must mea­
sure the length and diameter of every filament at the surface. Furthermore, these 
techniques are incapable of determining the sign of the misalignment. This can be 
critical for samples which may be nominally aligned but which experience small posi­
tive and negative in-plane undulations. For global measurements, one can slice the 
sample at some arbitrary known angle, and thus measure variations about that angle. 
To be successful for moire interferometry, however, the technique must examine the 
actual test surface and thus one does not have the luxury of this angular sectioning. 
With these limitations in mind, we will now examine experimental strain distribu­
tions from less idealized samples, including several three-dimensionally reinforced tex­
tiles. These discussions will be qualitative in nature, but serve to illustrate the types of 
quantitative measurements which must be made to assess performance in textile com­
posites - particularly for the more complicated three-dimensional textiles. 
Moire interferometry experiments have been performed for each of the 2-D re­
peating nest architectures (diagonal, stacked and split-span). Representative fringe 
patterns are shown in Figure 20. Reduction of these fringes into strain data yields 
results which do not correspond to obvious microstructural details. An example of this 
is seen in the five-harness diagonal nest sample (Figures 21 and 22). A large distur-
208 
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Figure 20. Moire fringe patterns of idealized nest samples. 
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bance in interlaminar normal strain occurs at mid-span (halfway between the undula­
tions) of the chosen tow interface. This effect is not due to undulations in the neighbor­
ing plies, as undulations in the neighboring plies are centered at y/t = 20 and y/t = 45, 
while the disturbance is located at y/t = 30. The large interlaminar normal strain also 
does not appear to be due to in-plane fiber misalignment, because the measured mis­
alignment appears relatively constant in the region of the disturbance (Figure 23). Again, 
however, the measurement of this misalignment is not accurate (as evidenced by the 
large scatter) so it is possible that there is a local variation in misalignment within the 
layer which is responsible for this strain distribution. Such local regions of misalign­
ment are not accounted for by the method of averaging misalignment measurements 
at discrete axial positions. 
9 
8 
if) Q) 0) 
"O 
5 6-
E c D) 
"cD 
s Q) A. C 
_C0 
a. 
£ 3-
"D 03 
^2 cc (U 
5 
1 
0 
-30 -20 -10 0 10 20 30 40 50 60 70 80 90 
Nondimensional Axial Position, y/t 
1 1 1 
Experimental Misalignme 
Average Misalignment 
nt -
-
-
-
-
- • 
- --
-
-
—• 
— a _ 
- r „ 
~ 
n . 
— r» T' 
u = 
~ 
tn 
~ u 
ZZ C* 
u 
" • -
" _ 1 „ _ 
n " 
; _ i 
Ef 
M 
O S " 
a" 
n ^ 
« ~ 
° n — :5 
10 « 
i l l  
— — D 
i - -S « » " V ft 
 ^II r: ! s B ' 
! i fi f 
• " ^ 
IJ 
ft ^  u 
• •• 11 
 ^s i 
H ~ 
1 : « « • 
u ^  « 
n — •* 
— _ « 
„ ^  U 
m 
= T R 
111 *" 
_ « H 
n Zi 
Z " 9 
i ? s 
= u -
! B 1 -
' = = t: 
•1 — -
• =: H • 
t - h: : 
S 5 " 
a " ' 
: ~ 3 " 
u --
• • n 
= i: u 
S " n 
_ « "  
i i i 
5 2 
tl  ^
£1 S rj 
— ~ CI 
" I 
" H 
" r: n 
H " 2 -
= m S = « H - 9 - - n 5 a = i s — f-f n 
— cx "" - 5 (3 
Figure 23. Measured misalignment in 6K 5-harness diagonal nest sample reveal no 
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This strain may possibly be due to some global influence of the textile architec­
ture or due to a subsurface variation in textile architecture. Recall that compression 
test results show reductions in ultimate strain performance due to various nesting pat­
terns (Figure 10). Comparing results from various layers within the same sample is 
desirable to determine if this mid-span variation is repeating. Unfortunately, other lay­
ers in the sample exhibit significant mirroring (unintentional undulations induced dur­
ing cure by intentional undulations in adjacent layers) such that the strain response is 
affected by the presence of additional undulations (Figures 24 and 25). Further experi­
mentation is required on more idealized samples to determine if there is some global 
influence of the textile architecture on the distribution of strain within nested samples. 
These samples should have very well controlled repeating undulations with in-plane 
fiber misalignment of only 1-2°. Furthermore, the individual undulations should be 
moderate (8/A. > 0.04) to severe (5/A, > 0.05) to ensure interlaminar strain concentra­
tions which are detectable above the scatter due to the in-plane fiber misalignment. 
Moire fringe pattems for various three-dimensionally reinforced textiles are shown 
in Figure 26. Note that these patterns are clearly complex, containing many seemingly 
high strain variations. Reducing these fringes to strain fields offers no simplifications, 
but does provide a basis for a few words of caution. Figures 27 and 28 demonstrate 
experimentally determined interlaminar strain distributions along a central 0° layer in 
the 3-D orthogonal nest sample shown in Figure 26. Clearly the presence of the through-
the-thickness reinforcement has an effect on the local strains, as evidenced by the 
peak strains occurring at the locations of the out-of-plane reinforcement. This be­
comes more clear when viewed in a three-dimensional plot (Figure 29). The peak 
strain concentrations occur at the kink regions of the through-the-thickness reinforce­
ment, where the fibers turn to traverse in-plane along the surface. These regions are 
212 
0.004 
Jndulat ons Caused B\' Mirroriig 
4-0.004 £ 
1-0.008 
|-0.012 o 
l-o.oie'^ 
A 0.8 
0.6 
• # 
£ 0.2 
"o -0.2 
80 30 40 50 
Nondimensional Axial Position, y/t 
20 -10 
Figure 24. Interlaminar normal strain for less idealized layer of 6K 5-harness diagonal 
nest sample. 
C 
"ctJ 
CO 0) 
x: 
CO 
S c 
E iS S 
"cc 
c 
o 
c Q) 
E 
c 
o 
z 
0.5-
0 
-0.5 
- 1 .  
-1.5 
-2 
-2.5 
/ 
V / ^ / 
> 
1 • • 
• • 1 
•• ' 
r-
• 
a 
• 
• 
IJl 
B *• 
•d" • 
A 
u 
1 • B 
1 
V • • 1 a 1 
B 1 
1. 
""fc 
• 
• 
• 
•0.004 
•0 
-0.004 r 
-0.008 o 
-0.012 (/) o 
-0.016 CL 
-10 0 10 20 30 40 50 60 70 80 
Nondimensional Axial Position, y/t 
Figure 25. Interlaminar shear strain for less idealized layer of 6K 5-harness diagonal 
nest sample. 
213  
Y 
X 
U 3-D Orthogonal V 
U Through-the-Thickness Angle Interlock V 
Figure 26. Moire fringe patterns for three-dimensional textile samples. 
214 
c 
'03 0.8 
CO 0.6 15 
E 
o 0.4 
2 
CO 0.2 
c 
E 0 
5 
-0.2 
c 
"(5 d 1 c g CO 1— -0.6 03 
E 
-0.8 
ID C o 
-1 
_< 2 
i'" 1 —I. ^— •** 1 r 
/ S \ \ f \ 
4— t—] —u "4— \1 —U * J . —^ t J— / / •> • 7 —^ —}— / , / ^ •••••••••* '  
1 
I  
1 
• 
1 
« 
II" • 
1# A 
• 
• 
• 
> J • • 
bT -
• 
• 
. • 
• • 
• I 
• J 
B JF* 
m 
m f M 
• 
1 
V 
i 1 
a 
0.1 0.1 0.2 0.3 0.4 0.5 
Axial Position, y, in 
0.6 0.7 0.8 0.9 
Figure 27. Interlaminar normal strain distribution for 3-D orthogonal sample. 
£ 1.5-C 
'cc 
GO 
03 0) 
cn 
03 
C S 0.5-
= 0 
m 
c 
o 
'tfi 
g -0.5 
E 
c 
o 
z: 
^ - \ v"* -"-s. 1 C 
I \ 
/ { \ \ I 1 \ I \ 
_i— 
1— -f— j / 1—; } z' / j y 1 / 
<..  < ^ r. c / < 
1 
B 
I  
B 
\ 
a 
• 
f . 
3 
m 
* B 
• K b  
• 
'y 
B  
|B 
•-B V 
T" 
a 
mm a 
•• 
• 
Ob 
• 
B 
B ^  
B  
1 
B  B  
B  B  
™ B 
a 
J*#" • !• 
a  
• 
•1 
-0.1 0.1 0.2 0.3 0.4 0.5 0.6 
Axial Position, y, in 
0.7 0.8 0.9 
Figure 28. Interlaminar shear strain distribution for 3-D orthogonal sample. 
215 
4000 
2000 
Axial Position, Y Through-the-Thickness 
=^12000 
p10000 
-8000 
8000 
Position, X 
Figure 29. Peak interlanninar strains occur in kink regions near surface. 
intuitively regions of high strain transfer, thus one might be tempted to believe the 
magnitude of the predicted strain concentrations. Unfortunately, these tows experi­
ence extremely high misalignment in these regions due to excessive twisting imposed 
during manufacturing (Figure 2). Hence, large free-edge strains are likely attributed to 
this region, and the experimental results are not quantifiable. 
Similarly for the through-the-thickness angle interlock sample of Figure 26, peak 
strains are seen to occur at the intersection of the in-plane and out-of-plane reinforce­
ment. For this sample, out-of-plane misalignment occurs because the in-plane rein­
forcement is locally distorted by the presence of the out-of-plane reinforcement. This 
disturbance also produces resin rich regions near the intersections of the in-plane and 
out-of-plane reinforcement (Figure 1). These resin rich layers at the free-surface allow 
a local softening beneath the moire grating, and thus develop excessive experimental 
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axial strains (Figure 30). Thus, the regions of most interest for obtaining experimental 
data exhibit the largest microstructural distortions and hence are the least quantifiable. 
Conclusions 
Moire interferometry is a powerful experimental tool for examining full-field strain 
distributions on laminate or textile surfaces. While moire techniques have successfully 
been used on laminate faces (surfaces with no interlaminar boundaries), this research 
provides results which suggest that moire interferometry techniques will not be quanti-
Axial 8 
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Figure 30. Axial strain variation in through-the-thickness angle interlock sample re­
veals excessive strain concentrations at fiber crossover regions. 
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fiable on non-idealized laminate edges (surfaces with interlaminar boundaries) due to 
the extreme sensitivity to microstructural variations. Successful experiments will only 
occur in very idealized samples, and then only if the intended study parameter pro­
duces an effect discernible above some background response (for example, the im­
posed undulations will have to be increasingly severe as the control over in-plane 
misalignment is relaxed). Research has shown that experiments will be successful in 
samples which are nominally aligned, and which contain less than ±1-2° of in-plane 
fiber misalignment. Corrections for higher degrees of in-plane misalignment can be 
performed, if more accurate techniques for determining local misalignment are devel­
oped. These techniques must allow for the determination of the sign of the misalign­
ment (into or out of the plane) to assess the sign of the developed free-edge interlaminar 
shear strain. 
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CHAPTER 11. CONCLUSIONS AND RECOMMENDATIONS 
Introduction 
This dissertation has addressed several key aspects within the general topic of 
textile composites. Fabrication techniques have been developed and demonstrated to 
be effective for producing idealized textile composites, controlling in-plane as well as 
out-of-plane fiber waviness and layer nesting. The need for these idealized textiles 
has been established through investigations into the effect of local microstructure on 
strain distributions in textile composites. Although these idealized textiles do not have 
through-the-thickness reinforcement, they exhibit in-plane fiber undulation patterns 
common to 3D textile composites. Furthermore, guidelines have been established for 
the fabrication of 3D orthogonal samples using techniques similar to those for the 2D 
idealized textiles. 
Basic guidelines have been established for the ultrasonic nondestructive evalu­
ation of textile composites. The applicability of various ultrasonic inspection techniques 
is addressed for a broad range of typical textile composites, including braids, angle 
interlocks and orthogonal weaves. This applicability study includes an assessment of 
typical flaws, an investigation into flaw size detectability for various unit cell size con­
figurations, a method of determining both local and effective global mechanical proper­
ties, and methods for characterizing the severity of fiber architecture flaws within a 
laminate. Techniques for assessing misalignment in textile composites, a feature shown 
to have a significant influence on mechanical test results, are also outlined. 
Strain distributions for various classes of textile architecture have been deter­
mined numerically using finite element models, and experimentally using moire inter-
ferometry. Samples tested include conventional tape laminates with in-plane misalign­
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ment, laminates with undulations which nest in an opposing sense, textiles with re­
peating nesting patterns of undulations, and complex three-dimensionally woven tex­
tiles. The relation between small degrees of in-plane fiber misalignment and experi­
mentally determined free-edge interlaminar shear strains is established, as is the ef­
fect of out-of-phase nested waves in comparison to isolated and in-phase nested waves. 
Guidelines are established for successful experiments using moire interferometry on 
textile composites, and various limitations of this technique are addressed. 
Conclusions 
The main emphases of this dissertation are fabrication techniques for textile 
composites, ultrasonic nondestructive evaluation techniques, and experimental meth­
ods for assessing mechanical performance of textile composites. These topics will 
thus be reflected in the organization of specific conclusions. 
Textile Composite Fabrication Techniques 
Pre-woven dry fabric is easy to handle and can be stored at room temperature, 
but proper in-plane fiber alignment is difficult to achieve. Furthermore, during resin 
infiltration, the resin film must undergo several intermediate processes before it can be 
used to infiltrate the fibers. Since these processes greatly complicate production, the 
use of dry fibers is not recommended for the fabrication of idealized textiles. 
Preimpregnated fiber tows are much easier to work with. They can be woven 
into any architecture with relative ease. Unfortunately, this takes significant time and 
labor when performed by hand. Since the resin is already impregnated in the fibers, 
the resin infiltration process is not performed which results in fewer steps to the fin­
ished product. 
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The loom concept is capable of ensuring fiber alignment and proper nesting 
through the thickness. This will be useful for producing and testing composites which 
are comparable to idealized analytical models. The loom is also useful for intentional 
placement of single or nested wavy layers in an otherwise ideal laminate. This allows 
experimental investigations of material properties due to flaws in textile architecture. 
Ultrasonic Nondestructive Evaluation Techniques 
The most Important discovery for 3D orthogonal textiles Is the clear dual signal 
from the in-plane and out-of-plane reinforcement. A careless investigation which does 
not isolate these two responses may miss large failed regions, including delaminations 
and matrix cracks. This fact will greatly complicate establishing cookbook inspection 
criteria, as the set-up and data interpretation will be textile specific. Furthermore, for the 
3D orthogonal composite materials studied, the signal amplitude of a wave traveling 
transverse to the in-plane fibers is consistently greater than that of a wave traveling 
longitudinally along the through-the-thickness fibers. This fact also complicates 
inspection, as two independent gain settings may be required to get good scans for the 
two signals. For 3D orthogonal samples, transducers of sufficiently high frequency 
should be used to clearly isolate the two signals and to ensure separate gating. If the 
frequency is too low or the sample thickness is too small the signals overlap, resulting 
in the same difficulties as using a single gate. Furthermore, conventional attenuation 
measurements are not practical for 3D orthogonal weaves due to this separation of 
incident energy. 
Most other textile samples are inspectable by traditional methods, but strong tex­
tile patterns may mask subtle flaws. The use of digital filtering techniques should 
enhance flaw detection, particularly if morphological shape functions which more closely 
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resemble the textile architecture are developed. Intermediate frequencies appear to 
be most successful at flaw detection (except as mentioned for orthogonal samples 
where higher frequencies are required to allow fortime-of-flight separation of the inci­
dent ultrasonic energy). 
Unit cell size appears to affect flaw detectability, with composites composed of 
smaller unit cells being more difficult to inspect. This may be correlary rather than 
causal, as smaller unit cells often contain greater porosity or microcracking due to the 
small resin pockets. The effects of unit cell size indicate that inspection methods will 
depend highly on geometry of the part as well as geometry of the fiber architecture. 
Both C-scans and B-scans are useful for locating, sizing and visualizing conventional 
flaws in textiles; C-scans are a proven method of locating waves in textiles, but B-
scans have shown only limited success in characterizing wave geometry. The use of 
cross-polarized shear transducers shows promise as an effective technique for as­
sessing global fiber alignment (and misalignment) in textiles. 
The most important message for the NDE community is the relative importance 
of their role in the successful transition of textile composites from laboratory to 
production materials. Present limitations are in assessing what constitutes a quality 
sample. If 3D textile composites are to be used in industry, some method for assessing 
actual as-cured fiber architecture needs to be established, such that the expected 
mechanical performance may be estimated. Ongoing research in textile mechanics will 
establish which features of textiles have an adverse effect on mechanical performance, 
but similar research must be performed to develop inspection techniques for these 
features. 
223 
Mechanics of Textile Composites 
Small degrees of in-plane fiber misalignment are shown to have significant in­
fluence on the magnitude of the measured interlaminar shear strains of textile com­
posites. For this reason, investigators must be acutely aware of potential free-edge 
effects when performing moire interferometry experiments on textile composites. Ex­
perimentally determined free-edge strains in intentionally misaligned samples are use­
ful for predicting free-edge strains due to local fiber misalignment in textile composites. 
If in-plane misalignment can be accurately measured, then these free-edge strains 
may be separated from the strain field of the textile composite to evaluate the effects of 
fiber architecture alone. 
Under static compression loading, large interlaminar normal and shear strains 
are seen to occur as a result of layer waviness. These interlaminar strains, in fact, 
approach or exceed the magnitude of the applied axial strain. Previous research has 
shown that nested in-phase layer waves produce roughly the same maximum 
interlaminar shear and normal strain values as a single wave of similar geometry. This 
research extends the correlation and demonstrates that the same is true of opposing 
or out-of-phase nests. This is significant because reductions in mechanical perfor­
mance may be attributed to the severity of individual waves found within the laminate, 
without concern for local interactions among individual waves. 
Moire interferometry is a powerful experimental tool for examining full-field strain 
distributions. This technique has been used successfully on laminate faces (surfaces 
with no interlaminar boundaries) for examining the mechanical influence of textile ar­
chitecture. However, this research provides results which suggest that moire interfer­
ometry results will not be quantifiable on non-idealized laminate edges (surfaces with 
interlaminar boundaries) due to the extreme sensitivity to microstructural variations. 
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Quantifiable results will only be obtained using very idealized sannples, and then only 
if the intended study parameter produces an effect discernible above some background 
response. For example, when studying the effects of layer waviness the imposed 
undulations will need to be increasingly severe as the control over in-plane misalign­
ment is relaxed. Research has shown that experiments will be successful in samples 
which contain less than +1-2° of in-plane fiber misalignment. Corrections for higher 
degrees of in-plane misalignment can be performed if more accurate techniques for 
determining local misalignment are developed. These techniques must allow for the 
determination of the sign of the misalignment (into or out of the sample edge being 
investigated) to assess the sign of the developed free-edge interlaminar shear strain. 
Recommendations 
Specific recommendations for future experiments will also be addressed within 
the categories of fabrication techniques for textile composites, ultrasonic nondestruc­
tive evaluation techniques, and experimental methods for mechanical performance of 
textile composites. 
Textile Composite Fabrication Techniques 
Some of the problems encountered during this research could be due to the 
need to build a more complex loom and curing mold. Poorly compacted and very dry 
specimens could be due to a lack of adequate pressure during the cure cycle. A film 
pressure transducer is required which can withstand curing temperatures. Pressure 
would then be measured directly on the laminate and not on the tool. The sealant tape 
which is used may also be hindering a uniform pressure distribution. A sealing method 
is required which is consistent and not as intrusive. Perhaps an elastic paste could be 
applied to each layer since the sealant tape does not compact into the sample well. 
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Although panels fabricated are generally of acceptable quality, greater control 
needs to be exercised over fiber volume fraction, fiber crimp angles and in-plane fiber 
misalignment. Samples of highly repeatable quality but which vary only in nesting 
architecture will be required for characterizing the effects of nesting architecture on 
ultrasonic parameters such as attenuation. These panels should possess identical 
fiber volume fractions and fiber crimp angles so the experimentally determined me­
chanical properties will not require normalization. 
Several fabrication procedures can be used to produce more idealized samples, 
thus simplifying testing of 3-D composites. Breaking of the in-plane fibers is much less 
common when using a base to maintain spaces between the fibers. Fiber misalign­
ment is reduced when tension is added in both in-plane directions. Using an out-of 
plane fiber tow which is half the size of the in-plane fiber tows is the most effective 
fabrication procedure when weaving 3D orthogonal samples. The smaller out-of-plane 
fiber tow does not buckle as badly and does not cause as much in-plane distortion. 
These procedures should be used as a basis for future fabrication efforts. 
Successful moire interferometry experiments require exceptionally idealized 
samples, which possess virtually no in-plane fiber misalignment. Alternative fabrica­
tion techniques should be investigated which allow for greater control over this feature. 
Perhaps the use of staged or pre-cured layers with imposed undulations can be stacked 
with pre-cured uniaxial carbon rods of various diameters for fillers. Alternately, further 
attempts should be made to fabricate repeating nest samples which are invariant in 
sample depth (1D) as these presently exhibit the least misalignment. Samples fabri­
cated using tape insertion methods (similar to those for isolated waves) have pro­
duced the best repeating geometry, but this method lacks control over in-plane fiber 
misalignment. Perhaps an external clamp arrangement could be incorporated to apply 
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tension to the in-plane fibers. Using the loom concept to interlace tow and tape layers 
provides fair control over misalignment, but geometry of the repeating nest pattern is 
not well controlled. This method should also be examined further. 
Ultrasonic Nondestructive Evaluation Techniques 
Textile composites complicate conventional standard inspection techniques. A 
variety of experiments have been attempted, some with limited success. Continued 
investigations should be performed on potential relations between internal fiber struc­
ture and destructive interference or diffraction. This will require the fabrication of nested 
wave samples with more closely comparable quality, as addressed previously. Fur­
thermore, attenuation measurements should be performed on larger samples (to avoid 
potential edge effects) using larger transducers (to minimize the possibility that local 
variations within the unit cell are being measured). It is desired to accomplish specific 
recommendations on the validity of attenuation as a figure of merit in textile compos­
ites, as it is presently an industry standard for conventional laminates. 
Continued testing should be performed to confirm or refute the potential exist­
ence of relations between unit cell size and specific frequencies or focal spot size for 
which the energy separates. Thicker cross-ply samples with various unit cell sizes 
(number of plies per layer) should be tested in contact and immersion through-trans­
mission arrangements to investigate the velocities of the transmitted waves. It is de­
sired to make specific recommendations on transducer frequency or beam size which 
will either ensure or prevent the separation of ultrasonic energy for a given unit cell 
size. 
The strong textile pattern in the ultrasonic scan image exhibited by textile com­
posites may be due in part to the surface roughness of these samples. Surfaces of 
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representative textile samples should be polished smooth and inspected using con­
ventional through-transmission or pulse-echo ultrasonic C-scans. Alternately, a thin 
resin rich layer could be added to samples and subsequently smoothed to avoid pol­
ishing through fibers at the surface. While these samples could be considered ideal­
ized, the results may be useful for suggestions on the tooling surfaces required during 
fabrication of textiles to produce inspectable components. 
The use of digital filtering should be more rigorously examined, such that guide­
lines on specific filters or combinations of filters may be established. Morphological 
shape functions should be developed for shapes more typical of textile unit cell archi­
tecture (triangular, hexagonal ...). Furthermore, some investigation into better meth­
ods for filtering B-scan data should be investigated in an attempt to achieve character­
ization of internal fiber arrangement. One enhancement to the use of B-scans for 
these applications is believed to be the ability to convert oscillatory RF waveforms to 
artificial unipolar, single peak responses. This could be accomplished by rectifying the 
RF waveform, and perhaps by incorporating a trigger such that successive amplitudes 
would not be recorded until a user-defined time delay (defined to correspond to a ply 
thickness). These features would remove the excessive banding response in the B-
scans which masks the internal response. The first suggestion would neglect any 
negative response, and the second suggestion could neglect the cycles of oscillation 
which occur between layers. 
An alternate approach to resolve the oscillating RF waveform is deconvolution 
(division in the frequency domain). For the case of pulse-echo investigations using a 
single broad-band ultrasonic transducer, the received signal is the convolution of the 
sample response and the measurement system response. For a given experimental 
arrangement, a reference signal can be obtained from a featureless sample (such as 
fused quartz). A Fourier transform of this signal will characterize the response due to 
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the electronics, the transducer, and the propagation effects. If a Fourier transform of 
the ultrasonic response from the sample is taken in an identical experimental arrange­
ment, the two signal may be deconvolved according to established mathematical rela­
tions. 
Fiber undulations have been shown to have significant influence on the me­
chanical properties of textile composites. It is thus believed that nondestructive evalu­
ations of textiles will be required to assess internal fiber architecture. Further studies 
should investigate locating waves, characterizing the amplitude of waves, and assess­
ing if any repeating nest architecture is present within textile laminates. In this manner, 
assessments on expected mechanical performance loss due to internal geometry may 
be determined. 
Further research should focus on the applicability of inspections using cross-
polarized shear wave transducers for characterizing global fiber misalignment and lay-
up. This technique could be extraordinarily useful for assessing the as-cured fiber 
architecture in textile composites, particularly if analytical routines are established which 
are capable of predicting the expected response for an arbitrary lay-up. This research 
should include a detailed theoretical development, which correlates the propagation of 
the shear waves to mechanical properties of the laminate. Interface losses should be 
accounted for, to include the possibility of axial-shear coupling which allows shear 
waves to be converted to longitudinal waves (thus causing a portion of the incident 
energy to be lost to the receiving shear wave transducer). This coupling may be due to 
the influence of neighboring layers or overall stacking arrangement, which is why en­
ergy propagation should be correlated to mechanical properties. 
Finally, less conventional methods of inspection for composites should be per­
formed on the three-dimensionally reinforced textile samples. These could include the 
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EMAT, the use of Lamb waves, and inspections using microwave and x-ray techniques. 
Judicious combinations of inspection techniques may be required to fully assess qual­
ity in textiles with complex fiber architecture. 
Mechanics of Textile Composites 
There are no suggestions for improving the experimental methods of moire in-
terferometry. These experimental techniques have been optimized for sensitivity. There 
are, however, suggestions for working within the limitations of the existing techniques. 
Traditional advice is to perform experiments at higher strain levels, thus providing an 
increased number of fringes for ensuing analysis. Experiments on edges of textiles, 
however, should be performed at moderate strain levels (1000 - 2500 |i£). These 
strain levels avoid interface losses due to out-of-plane deformation of the test surface, 
yet provide adequate fringe density for calculation of strains. Perhaps analyses which 
average over several fringes will be more successful with textiles, as this will minimize 
the variations due to very localized variations in microstructure. Alternately, one could 
explore the use of carrier patterns of extension to reduce the effective fringe density. 
Moire interferometry experiments should not be attempted on edges of textile samples 
which exhibit in-plane fiber misalignment, unless improved methods are developed for 
assessing the magnitude of this misalignment. Rather, very idealized textiles should 
be developed which possess the features of the repeating nest samples, as well as 
more complex 3D textiles. These idealizations should be nominally aligned, with no 
more than ±1 -2° of in-plane fiber misalignment. Finite element analyses of these ide­
alized nests should be performed to compare to experimental results, thereby assess­
ing the appiicabiiity of the analytical techniques. Successful analytical methods, once 
established, may be used to investigate a variety of non-idealized textile architectures. 
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The sensitivity of nnoire interferometry to free-edge strains may be advanta­
geous for certain classes of experiments. Occasionally, laminates are sectioned to 
verify the lay-up. This is presently accomplished by cutting, polishing and investigating 
the sample using a photomicroscope. Misalignment of only a few degrees could be a 
reject criteria for a critical component. However, conventional microscopy can not de­
termine small degrees of misalignment. Thus, sectioning must be performed at sev­
eral discrete angles to accurately determine the misalignment. Further experimenta­
tion should be performed to characterize the experimental response of moire interfer­
ometry to arbitrary angles of fiber orientation. If fully characterized, moire techniques 
may be a viable alternative for verifying lay-up in test coupons of production laminates. 
An investigation into techniques to more accurately assess in-plane fiber mis­
alignment at a surface should be developed. This would allow less idealized samples 
to be tested, and free-edge strains could be subtracted using experimentally deter­
mined relations between the angle of in-plane fiber misalignment and the magnitude of 
the free-edge strain. Perhaps the use of digital filtering could also be of use in this 
application, as automated analytical methods exist for the reduction of geometric shapes 
from photomicrographs. Such digital techniques may need to be enhanced to allow 
accurate fiber shape determination for regions where fibers are in direct contact, such 
that each fiber may be resolved. If this technique is to be successful, facilities should 
be located for storing digital images of fiber cross-sections at every discrete location 
along the path of interest in the sample. These facilities should allow for an accurate 
assessment of 2-D position such that the exact location of a fiber within the layer can 
be recorded. More localized measures of misalignment should be used, to allow for 
variations in fiber misalignment within the tow at specific axial locations. The devel­
oped technique should not reference measurements to an average filament diameter, 
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but rather should be specific to the diameter of the filament being measured. Further­
more, it is critical that the method be capable of determining the sign of the misalign­
ment if accurate signs of the predicted shear strains are to be determined. 
Finally, idealized samples should be fabricated which exhibit other microstruc-
tural features, such as localized interlaminar resin-rich zones, localized surface resin-
rich zones, interlaminar cracks, surface smoothness and variable thickness of the ep-
oxy layer beneath the moire grating. In this manner, the effect of each of these vari­
ables on the distribution of strain can be characterized. 
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APPENDIX 1. TUNING PROCEDURE FOR THE TABLE MOUNTED 
FOUR-BEAM MOIRE INTERFEROMETER 
The basic components for the four-beam moire interferometer are shown in 
Figure 1. Arrange components in their approximate position such that the angles of 
incidence are those required for the given wavelength of laser and type (density) of 
grating. For our table interferometer, this is currently indicated by the tape layout on 
the table surface. Note that this layout is valid only for the red He-Ne laser and for 
specimen gratings of 1200 lines/mm. 
First and foremost is proper positioning of the laser Once this step is complete 
it is extremely important to avoid disturbing the laser assembly, as very small adjust-
Specimen 
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Camera 
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l.li 
PM 
Figure 1. Optical arrangement for four-beam moire interferometer. 
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ments will have a large influence on the operation of the interferometer. Begin by 
removing the pinhole beam expander assembly (BE) such that the laser is unobstructed. 
Level the laser so that the incident beam (LB) is parallel to the table top. The beam 
should exit the laser at the mid-height of the sample which is to be tested. It is quite 
easy to measure from the surface of the table by placing a ruler flush to the table and 
seeing where the laser intercepts the ruler. This height of intercept should be constant 
along an axial line from the laser. 
Adjust the vertical position of the first mirror (M1) such that the incident beam 
strikes the center of the mirror, then adjust the angle such that the reflected beam 
strikes the horizontal center of the collimating parabolic mirror (PM). Adjust the vertical 
tilt of the first mirror to ensure that the beam is still parallel to the table (at the same 
height from the table at the parabolic mirror), then adjust the vertical position of the 
parabolic mirror such that the incident laser beam strikes at its vertical center. Finally, 
adjust the parabolic mirror such that the beam remains level (at the same height from 
the table at the sample) and intercepts the fixture roughly midway between the sample 
and the 3-way mirror assembly (ABC). 
Note that a plane mirror placed directly in front of the laser and adjusted such 
that it is normal to the laser will reflect the light back to the source. This same mirror 
when moved anywhere in the previously discussed path should also reflect the laser 
beam back to the source (i.e. move a temporary mirror to first mirror, past first mirror, to 
collimating parabolic mirror, past parabolic mirror and to sample; in all cases the light 
should reflect back into the laser). 
Next, examine the pinhole beam expander assembly. Adjust the position of 
the pinhole such that it is close to the center of the assembly. Keeping the pinhole as 
close to the center of the assembly as possible avoids binding during adjustment. If 
the pinhole appears to bind or move out-of-plane during adjustment, the washer within 
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the assembly may be getting wom and should be replaced. It is critical that the pinhole 
be held tightly in the assembly for the adjustments to stay normal to the incident beam, 
insert the pinhole assembly into position and roughly align it such that internal reflec­
tions are small. Then, iteratively adjust the rotation and the vertical and horizontal 
position of the pinhole assembly to get the reflected light back to the end of the laser. 
Note that this indicates that the assembly is normal to the incident beam, and the 
reflection of the objective at normal incidence is to be expected. 
Defocus the pinhole assembly by adjusting the outer bezel until the laser light 
becomes visible past the pinhole. If the assembly is open as far as possible and the 
light is not visible, adjust the two pinhole knobs to find the beam. Once located, itera­
tively refocus the beam using the outer bezel and the two pinhole knobs. At the focal 
position, the beam should be extremely intense at the center, with concentric circles of 
interference. Very slight adjustments will cause a loss of transmitted light. 
Adjust the vertical and horizontal position of the pinhole assembly to position 
the beam in the identical position that it was prior to inserting the pinhole. This should 
require very slight adjustments. If the adjustments are not slight, do not adjust mirrors, 
rather redo the pinhole insertion process. Note that the existence of vertical and hori­
zontal position control for the pinhole assembly greatly simplifies the task of tuning and 
is highly recommended. 
The above steps ensure basic alignment of the interferometer. Of equal impor­
tance is proper positioning of the sample. Since most of our samples are very similar 
in geometry, control over initial sample position will minimize the required mirror ad­
justments for final tuning. This position is indicated by the vertical strip of tape on the 
test fixture. Position the translation and rotation stages such that the center of rota­
tion (as marked on the rotation stage) is aligned with this tape indicator. Then, position 
the sample such that it lies on the center of rotation of the stage (Figure 2). The 
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Figure 2. Proper positioning of tiie sample on the translation and rotation stages. 
forward edge of the sample should be only slightly behind the forward edge of the 
stage, else shadowing will occur in the V-field fringe patterns. Rotate the sample such 
that the emerging beam strikes the center of the parabolic camera lens. This will 
ensure that the incident laser light is striking the sample at the appropriate angle (Fig­
ure 3), provided of course that the parabolic camera lens is positioned normal to the 
test fixture and aligned with the sample (as indicated by the tape layout on the table 
surface). 
Position a white index card with a small hole at the pinhole assembly. Handle 
the pinhole assembly with care, to avoid adjusting its position. The hole should only be 
large enough to allow all the laser beam to pass through, and the edges should be 
clean to avoid interference (diffraction) effects. This card position will be referred to as 
Plane 1. Temporarily position a white card at the focal point behind the parabolic 
camera lens. This location may be found by translating the card axially towards the 
237 
Specimen 
Grofing 
Camera 
Lens 
Fringes 
Figure 3. Normal emergence to the parabolic camera lens as marked provides a close 
start for the proper angle of incidence [1]. 
lens from the face of the camera. Expect the reflected beams to converge to points at 
the focal point beyond the parabolic lens. This card position will be referred to as 
Plane 2. Use the baffle to prevent the incident beam from reaching Mirrors A and B. 
Then, observe Plane 1 while adjusting Mirror C. Two bright dots will appear in Plane 1. 
Adjust the mirror until these two dots are superimposed and are located near the aper­
ture of the pinhole. This brings Mirror C perpendicular to the plane of the specimen 
grating. 
Observe the two bright dots in Plane 2. They should appear as shown in Figure 
4. Axes x' and y' are parallel to the x and y axes defined in Figure 1. Rotate the 
specimen in its plane until the dots lie on the x' axis. This makes the lines of the 
specimen grating parallel to those of the virtual reference grating. Next, adjust the 
angle a (Figure 3) until the two dots merge and become one. Small adjustments to the 
angle a can be made by rotating the parabolic collimating mirror about a central axis 
238 
y 
• 
Figure 4. Reflections from U-field prior to final tuning. 
parallel to the y-axis, or by translating it perpendicular to its axis (towards the sample). 
Again, remember to make small adjustments such that the initial alignment is only 
slightly disturbed. If one makes too large of an adjustment due to incorrect positioning 
of the sample, the alignment problem will worsen with each successive test. 
Next, remove the baffle assembly such that the incident beam strikes all of the 
mirrors. Observing Plane 2 reveals three bright dots, as shown in Figure 5. One of 
these corresponds to the location of the reflection for the U-field as just described. 
Remind yourself which reflection this is by replacing the baffle to prevent light from 
striking Mirrors A and B. Then, remove the baffle assembly and adjust Mirrors A and B 
V-field reflection 
9 
U-field reflection V-fieid reflection' 
Figure 5. Reflections from U and V fields prior to final tuning of V-field. 
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so that the two bright dots from the V-field become coincident with that for the U-field 
reflection. As a final check for alignment, confirm that there is only one reflection at 
Plane 2 and no reflection at Plane 1 (since all reflected light should be returning to the 
pinhole). 
The interferometer is now tuned and interference fringes should be obvious. 
The null field is easily obtained by very slight adjustments to Mirrors A, B and C. One 
can view the fringes during final tuning by placing a white index card in front of the 
parabolic camera lens. If the coverage of the U and V fields is not acceptable, adjust 
the position of the three-mirror assembly with respect to the sample. This is an itera­
tive procedure, but goes quickly as one can see clearly the position of the U and V field 
coverage with respect to the location of the sample. If a reasonable null field can be 
obtained first (even over only part of the sample) then the three-mirror assembly can 
be moved with very little impact on previous alignment. Place the mirrors in roughly 
the proper position for the desired coverage, then rotate the three-mirror assembly 
until the light returns to the pinhole. In this position, even though the mirrors have 
moved, they are very near the appropriate null field position. 
If the above procedure is not successful after a few attempts, regain composure 
and review the theory presented in Reference 1. You may be missing a key step, or 
you may not have the sample positioned at the correct angle. It is possible to "tune" 
the interferometer when the angles of incidence (-i-a and -a) are incorrect and not 
identical. In this event, the bright dots discussed appear more like lines at some arbi­
trary angle in the x'-y' plane. 
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APPENDIX 2. "CURE-ON-THE-LOOM" TECHNOLOGY — 
A STATEMENT OF DISCLOSURE 
A technology disclosure statement submitted to the Law Offices of 
Henderson & Sturm and the U.S. Patent Office, 1993. 
R.D. Hale and D.O Adams 
Department of Aerospace Engineering and Engineering Mechanics 
Iowa State University 
Introduction 
Composite materials will play a vital role in future defense, transportation and civil 
construction endeavors. These materials have been used extensively in recent years 
on applications varying from tennis rackets to re-entry vehicles. Modern applications are 
requiring more complex geometries, and more large scale unitized composite struc­
tures. These applications are presently not feasible due to the high manufacturing cost 
and two-dimensional nature of conventional composite materials. 
Three-dimensionally reinforced fiber preforms, which are woven dry and later 
infiltrated via resin transfer molding or similar processes, offer a potential solution to 
these limitations [1,2]. These materials offerthrough-the-thickness reinforcement which 
greatly enhances the out-of-plane strength and damage tolerance [3,4], However, 
improvements in through-the-thickness strength come at the expense of in-plane 
stiffness and strength, particularly in compression [5,6]. Reductions of in-plane 
properties are attributed to a decrease of the in-plane fiber volume, breakage of in-plane 
fibers due to the introduction of the out-of-plane fibers and misalignment or waviness of 
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in-plane fibers due to the presence of the out-of-plane fibers. A greater understanding 
of the effects of these parameters on mechanical properties will allow the development 
of three-dimensional fiber preforms with minimal reductions of in-plane properties. The 
present methods of fabrication, however, offer no means of bridging the gap between 
the weaver who produces the fiber preform, and the final user who compacts and resin 
infiltrates the preform. 
In this disclosure, we will address the concept of "Cure-on-the-Loom" technology, 
which has been shown through experimentation to be effective for controlling fiber 
geometry in two-dimensionally and three-dimensionally reinforced composite materi­
als. We will briefly discuss the motivation for obtaining an idealized fiber architecture and 
the effects on mechanical properties. We will describe hardware which has been used 
to produce samples demonstrating control of fiber waviness and through-the-thickness 
fiber nesting. Finally, we will address potential applications for this technology and 
comment on related activities in industry of which we are aware. 
Motivation 
The properties of a composite material are a function of the type and orientation 
of the constituent materials, as well as their interaction. It is well established that flaws 
within the composite material affect the mechanical properties. Flaws inherent to 
conventional, thin laminates (microcracks, delaminations, porosity and resin rich zones) 
will not be addressed here as they may result from any composite manufacturing 
operation, are detectable using established techniques, and have well documented 
effects on mechanical properties [7-16]. Rather, we will address fiber misorientation 
defects, which are inherent to thick section laminates and textiles. These defects are 
more subtle in nature, and are more difficult to detect using established techniques. 
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While less significant under tensile loading, fiber misorientation defects have been 
shown to produce significant reductions in compression strength [17,18]. 
Recent studies have addressed the effects of fiber undulations and misalignment 
on mechanical properties, particularly in compression [19-24], The data supports a 
common qualitative trend — that the severity of individual fiber waviness or misalign­
ment and the waviness or misalignment density adversely affect compression perfor­
mance. Quantitative assessments of these effects are difficult to establish due to 
limitations in controlling the formation of these defects during manufacturing. Further­
more, investigating interactions of flaws due to nesting within the fiber architecture is not 
feasible with present manufacturing techniques. This problem will be further compli­
cated with the introduction of three-dimensionally reinforced composites, which exhibit 
a far more complex fiber architecture. 
Present techniques used to manufacture textile composites offer little control 
over local fiber orientation (or misorientation). One technique involves laying-up the 
material from prefabricated two-dimensional laminated cloth sheets. During resin 
infiltration, these sheets may distort or move relative to one another. An alternate 
technique uses woven textile preforms which must be compacted and resin infiltrated 
in a separate mold (again with no control over distortion of original fiber architecture 
during compaction). 
Hardware Design 
Hardware designed by the authors to allow for the control of fiber architecture 
during compaction and cure is shown in Figures 1 and 2. The nesting frame loom allows 
the manufacturer to weave the textile composite and cure under tension to ensure fiber 
alignment (both in-plane and through-the-thickness). The current process has evolved 
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Figure 1. Prototype nesting frame loom. 
TfTTxTTrrr 
Figure 2. Production nesting frame loom. 
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from numerous iterations, in which various tensioning mechanisms, reed or comb 
mechanisms, and curing techniques were explored. 
The production nesting frame loom consists of an aluminum body adjustable in 
two directions with machined slots forthe insertion of combs with variable tooth density. 
The comb density can thus be matched to the specific requirements of the weave 
geometry (unit cell size, tow size and fiber volume). Note the set screws within the slots 
which ensure correct positioning of the combs, and the use of a close tolerance cap to 
prevent unnecessary bending loads developing in the teeth of the combs during 
tensioning. The composite may be fabricated using dry fiber tows or resin impregnated 
tow material (towpreg). In either case, the tows are physically woven or wrapped around 
the stationary comb teeth. Additionally, pre-woven fabrics, either dry or resin impreg­
nated, may be pierced over the combs and held in place by means of external clamps. 
The stationary positioning of the teeth coupled with the ability to apply tension to 
straighten fibers ensures alignment of the fibers during compaction and curing. 
One important feature of the loom is the ability to seal the area of the composite 
to develop the required resin pressure during curing. This is presently accomplished 
using vacuum sealant tape placed around the periphery of the compaction plates both 
above and below the composite. During compaction, this sealant is forced through the 
thickness of the composite, and effectively prevents the majority of resin from escaping. 
The success of this technique has been demonstrated for curing resin impregnated 
samples as well as samples requiring resin film infusion. If the initial product form 
contains the required amount of resin, the curing arrangement used is shown in Figure 
3. If the initial product form is without resin, or if there is a desire to add additional resin, 
the curing arrangement requires the addition of a degassed resin film between the lower 
compaction plate and the sample within the boundaries of the vacuum sealant tape, as 
noted in Figure 3. The fabrication of these films is addressed in detail in Reference 25. 
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Hot Press Upper Platen 
•- Loom Lid (Upper Compaction Plate 
Vacuum Sealant Tape 
Sample 
- Loom 
Vacuum Sealant Tape 
Degassed Resin Film -
(If Required For Resin 
Film Infusion) Lower Compaction Plate 
Hot Press Lower Platen 
Figure 3. Curing arrangement. 
The aluminum plates in contact with the specimen ensure uniform heating of the 
composite. These aluminum plates are in direct contact with the heated hot press 
platens, and have sufficient thermal conductivity to transfer heat to the specimen. Thus, 
the nesting frame loom allows for the application of heat and pressure to the composite, 
as required for curing. 
Results 
Representative samples cured on this loom are shown in Figure 4. Note that the 
controlled placement of fibertows has been demonstrated as evidenced in these photo-
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Figure 4. Representative sannples cured on the nesting frame loom. 
graphs. These examples show intentional imperfections in an otherwise ideal laminate 
(individual and nested isolated waves in a two-directional composite), various controlled 
nesting patterns for conventional two-dimensionally reinforced woven composites, and 
initialthree-dimensional orthogonal samples. Figure 5 illustrates the comparison of fiber 
architecture in a conventionally manufactured two-dimensional composite material and 
representative samples produced on the nesting frame loom. Note that the convention­
ally manufactured material exhibits a random positioning of fiber undulations, whereas 
the samples cured on the loom exhibit specific, intentional combinations of nested or 
stacked undulations. This demonstrates the unique and desirable capability to produce 
samples with idealized fiber architecture. These samples are desirable for investigating 
the interaction of fiber undulations and their compounding effects on mechanical 
performance. 
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Stacked Nesting Conventional (Randonn) Diagonally Nested 
Figure 5. Comparison of random nesting experienced in conventional fabrication 
techniques and controlled nesting possible with nesting loom. 
The quality of the samples cured on the nesting frame loom has been verified for 
porosity using microscopic evaluations and for fiber orientation and conventional flaws 
(cracks, delaminations and inclusions) using ultrasonic nondestructive evaluations. 
Porosity levels have been found to be less than one percent, well within accepted 
industry standards. Ultrasonic C-scan images used to detect imperfections have not 
only verified the quality of the composite, but also the consistent positioning of the fiber 
architecture. This is illustrated in Figure 6, which is a pulse-echo scan of a sample 
fabricated to contain an intentional double wave. The C-scan images indicate the 
existence of the wave and confirm that the wave maintains alignment throughout the 
sample. 
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Figure 6. Pulse-echo ultrasonic C-scan verifies uniform positioning of intentionally 
fabricated double wave. 
Mechanical testing is presently underway to assess the effects of fiber architecture 
imperfections, nesting, and three-dimensional architecture on stiffness and strength. 
Included is conventional mechanical testing, moire' interferometric testing , and ultra­
sonic testing. 
Applications 
Use of Cure-on-the-Loom techniques have been verified for plate technology. 
The ability to fabricate samples with controlled fiber architecture will be useful for 
establishing a database for guidelines on mechanical property reductions in conven­
tional two-dimensionally reinforced textile composites. These guidelines will allow 
greater mechanical performance, and may provide cost savings in qualifying new textile 
product forms fabricated from industry accepted constituent materials. The present 
qualification method is to test a significant number of samples and establish A and B 
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basis allowables to account for the variations in mechanical properties. With composite 
materials, significant scatter is present in this data, resulting in significant reductions in 
the A and B basis allowables. 
These samples with controlled fiber architecture will also be useful for comparing 
experimental results to predictions made using finite element models of fiber architec­
ture, which for simplicity are often produced using ideal fiber architecture. The few 
studies which have attempted to model actual fiber orientations have not been 
compared to experimental results due to the inability to fabricate samples with controlled 
flaw nesting. The study of nested fiber undulations is essential when three-dimensional 
fiber architectures are considered, as they inherently contain nested repeating patterns 
of fiber undulations. 
Industrial applications for this concept may be applied to a wide variety of woven 
or braided shapes. Use of the cure-on-the-loom concept will allow for improved 
mechanical performance, particularly in compression. Recall that the present industry 
approach is for an end user to order the woven preform or material, and then either 
infiltrate and cure the sample or contract another vendor to do this. The woven part loses 
fiber alignment as soon as it is removed from the loom. Then, the fiber preform is shipped 
and handled by a variety of intermediate parties providing numerous opportunities for 
further fiber misalignment. Finally, the fiber preform is forced into a mold produced by 
an independent party and compacted during cure, allowing yet more misalignment in 
fiber architecture. The proposed approach is for the weaver to infiltrate the parts on the 
loom, thus allowing improved compression performance through controlled fiber archi­
tecture. Specific applications could include stiffeners or stiffened plate sections, beams, 
flanges, lugs, fittings, lubes or practically any shape presently producible by textile 
manufacturing techniques. These can also include assemblies, such as bicycle frames. 
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aircraft wing, fuselage or empennage sections, and trusses or beam assemblies for 
large-scale civil construction. 
Related Activities 
There is presently much developmental activity in the area of composites, 
although much of it concentrates on two-dimensional composite materials. Three-
dimensional effects in two-dimensionally reinforced composites, such as layer waves, 
dropped plies and other through-the-thickness variations, are being studied in various 
research groups [18-24 ]. The authors are not aware of any group attempting fabrication 
techniques such as those proposed within this paper. 
The primary activity in the area of three-dimensionally reinforced composites 
takes place within the Mechanics of Textile Composites Working Group sponsored by 
NASA-Langley Research Center. Samples for this group have been fabricated using 
fabric preforms procured from a weaver and then cured by a different vendor at a 
separate facility, as described previously. This group is presently not addressing fiber 
nesting, although it has expressed interest in doing so if the technique for establishing 
a parametric sampling of nested flaw details can be established. 
Related fabrication methods which employ cure-on-the-tool techniques include 
fiber placement and filament winding. The primaiy difference between these methods 
and that proposed in this disclosure is the ability to maintain tension during cure to 
ensure fiber alignment. Filament winding (and to some degree fiber placement) 
incorporates the concept of tensioning the fibers during placement, but not following 
compaction and during cure. For this reason, samples produced by this method, 
particularly thick samples, contain significant fiber waviness and thus experience 
significant reductions in compressive strength. 
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Conclusions 
This disclosure has addressed concepts and hardware which have been shown 
to be effective for producing samples with controlled fiber architecture. The need for 
concepts and hardware such as those proposed is established by the present lack of 
manufacturing technology to control fiber orientation during cure, and the desire of 
researchers to obtain samples with controlled fiber architecture. The use of these 
methods for more diverse industrial applications is justified by the potential mechanical 
property improvements as well as the potential reductions in cost of the samples 
produced. The hardware shown and the concepts addressed are unique solutions to 
the problem of controlling fiber architecture, to the best knowledge of the authors. 
Finally, the approach Is unconventional as it requires the weaving contractors to take a 
proactive stance in producing mechanical parts, not interesting fiber preforms. 
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APPENDIX 3. ANALYTICAL DETERMINATION OF OUT-OF-PLANE THERMO-
ELASTIC PROPERTIES FOR LAMINATED COMPOSITE PLATES 
Abstract 
This paper presents analytical expressions for the determination of out-of-plane 
thermo-elastic properties for conventional laminated composite plates. The approach 
follows that commonly accepted for in-plane properties. Results over a variety of lay-
ups reveal that it is a poor assumption to use transverse tape lamina properties to 
represent out-of-plane laminate properties for laminates with more than 10% plies ori­
ented off-axis (90°) from uniaxial or for laminates with angle plies of 15° or greater. 
Introduction 
Composite materials have become the focus of considerable research in recent 
years due to the remarkable strength-to-weight and stiffness-to-weight ratios which 
can be achieved through tailored design. These materials have been used success­
fully in significant numbers of secondary structure, and more recently in increasing 
numbers of primary structure. As the industry trend leans toward more large-scale 
cocured composite assemblies, more attention is focusing on out-of-plane properties 
of composite materials. 
It is often assumed that the out-of-plane properties for a laminate are equal to 
the transverse properties of a tape lamina. While this is an acceptable approximation 
for out-of-plane properties of a lamina, it may not be accurate for multiaxial laminates. 
This paper presents analytical expressions for the out-of-plane stiffness, Poisson's 
ratios, shear moduli and thermal expansion coefficient for balanced, symmetric com­
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posite laminates. These expressions are derived using extensions of classical lamina­
tion theory (CLT), and can easily be integrated into existing lamination codes. This 
analysis is based on the development of Hyer and Knott [1]. 
Theory -- Elastic Properties 
Consider an elemental cube of a laminate, and subject this cube to a uniaxial 
load in the z-direction with the assumption that straight lines normal to the layers be­
fore deformation remain straight and normal after deformation (Figure 1). Unlike con­
ventional CLT, we will allow the length of the normal to change. Note that the corners 
of the cube remain orthogonal after deformation due to the assumption that normals 
remain straight. Furthermore, the contracted strains in the x and y directions are inde­
pendent of thickness due to the same assumption. If we restrict ourselves to symmet­
ric, balanced laminates only, there will be no change in orthogonal corners in the x-y 
plane and thus no in-plane shear strain. The stress-strain relations reduce to: 
I 
T 
r Iz.' 
Figure 1. Elemental deformation in out-of-plane direction. 
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cfx = Qnex + Qi2ey + Qi3£/ 
Cv =Qi2ex + Q22ey + Q:?e/ 
cfz = Qi3ex + Q23ev + 
with 
(1)  
(2) 
(3) 
Ql IC-^+Q22S^+I-Q12+^Q66*C-S- QI2(C-^+S^)+(QI I+Q22-4Q66)C-S- Q13C-+Q23S-
^ij" Q12(C"^+S"^)+(Qi1+Q22-4Q66)C-S- QiiS"^+Q22C"^+i2Qi2+4Q66)C-S- Q13S"+Q23C-
Q13C-+Q23S- Q13S-+Q23C- Q33 
(4) 
where c = cos(0), s = sin(6) and 0 is the orientation of the ply in question. Because the 
layers are thin, assume e is independent of z within a layer. Solving Equation 3 yields: 
P Ql3p Q23p C.^ — "" ~ Cy 
Q33 Q33 Q33 
(5) 
Substituting (5) into (1) and (2) yields: 
ax = n vii - — CO
 
X +
 
_
 
r i  Q13Q23 V12 - — £y + 
Q33 Q33 
Q I3  
Q33 
CJz = Qliex + Ql2£v + Ql70z (6) 
Gv = 7^ Q13Q23 V12 ^ 
Q33 
Ex +  Q22 Q23 
Q33 
£v +  
?33 
Oz = Q1 2£x + Q22ey + Q27az (7) 
where the Qy terms are defined for convenience of reference. 
Recall that we are subjecting the laminate to a known stress a^. Since we must 
maintain continuity at each layer interface, and since we have assumed £ to be con-
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stant within a given layer, it follows that is independent of z (i.e. constant for all 
layers). Furthermore, there is no net stress in either the x or y directions. 
Integrating (6) and (7) through the thickness of the laminate yields; 
and 
f" :  r~  
/ • " -
Nx = j o^dz = Qiidz Ql2dzi£v + 
L: Ji / :  J-Ul 
r"-
r ~ r 
Nv = 1 Ovdz = J Qndz ex + Q;:dz £y + 
} U2 
. 
)-uz 
(8) 
Q27dz jO;,. 
These integrations are possible because e^, £,^ and are independent of z. For ease 
of reference and for a convenient parallel to CLT, we will define the following terms; 
n  
Qijdz= XSj 'V (10)  
k= 1 
where t^ is the thickness of the k'^ layer and n is the number of layers. It is important to 
note that while this is derived in a similar manner as CLT, the Aij terms referenced here 
are not identical to the well known A.^ terms developed in CLT and cannot be used 
interchangeably when developing code. Substituting (10) into (8), setting equal to 
zero and solving yields; 
(11) 
A l l  
Setting equal to zero, substituting (10) and (11) into (9) and solving yields; 
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e. (0) _ A12A17 - A^jAi 1 
A11A22 " A"i 2 
la, = Av,a, (12) 
Substituting (12) back into (11) and simplifying yields: 
^ ( 0 )  J  A 1 2 A 2 7  -  A 1 7 A 2 2  -  A  r r  C-x ; ~ ^X/V/. 
i  A ] ] A22 " A] 2 (13) 
where the terms Axz and Ayz are defined for convenience and are not intended to imply 
summation. 
The out-of-plane strain in the k"" layer may be found from (5): 
p(k) _ 
^33 
Qn 
qS 
i Q'23 
l QSJ'  
The thickness change of the k'^ layer is = £^'\, and the total thickness is given as 
At= 
k= 1 
Thus, the average out-of-piane strain is given by 
(14) 
Z Atk X 4^' tk 
£ /  =  _ At _ k =  1 _  k =  I  
t  t  
(15) 
The definition of the out-of-plane Young's modulus follows directly: 
Q ( k ) l  j  Q ( k )  
V13 . i  V23 
1^33 L^33j l^33J 
i'- Ayz 
(16) 
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as do the definitions for the out-of-plane Poisson's ratios; 
and 
(17) 
(18) 
One must remember that these equations are only valid for symmetric, balanced lami­
nates. 
Incorporation of these equations into a conventional lamination code requires 
only a few modifications. One must calculate the and Ay?, terms during the initial 
loop through the stacking sequence, and then an additional loop through the stacking 
sequence is required to determine the out-of-plane properties. Alternately, a stand­
alone code for the determination of out-of-plane properties is very simple (a Mathcad 
version is included at the end of this paper). 
Theory -- Shear Modulus 
If we again consider the cube shown in Figure 1, but now assume we have 
applied shear stresses rather than axial stresses we can develop the relations for out-
of-plane shear modulus. Since each layer of the laminate must be in equilibrium, 
applying a or a stress to the outer most layer requires that each intermediate 
layer be subjected to the same stress. Thus, the strain-stress relation for the k-th layer 
of a laminate may be given by 
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7y/' = 4. (19) 
7j^' = S,3(^)T^/> + (20) 
where and are the transformed compliances for the k-th layer and 
and are the shear strains for the k-th layer. Clearly, the shear strains in the k-th 
layer may be used to develop an expression for the displacement of the upper surface 
of the k-th ply with respect to the bottom surface of the same ply, yielding 
A W  =  y M t  ( 2 1 )  X 'X2 k * ' 
and = Yy/'t^ (22) 
The displacement of the top surface of the cube with respect to the bottom surface of 
the cube is merely a summation of the displacements of the individual layers, i.e. 
A, = i A™ = i (23) 
k=1 k=1 
and = S = S Vyz^k- (24) 
k=1 k=1 
Thus, the overall shear strains in the cube are defined as 
yyz = (25) 
and 
yxz=4^4IVx% t t 
(26) 
k=1 
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Substituting (19) and (20) into (25) and (26) yields 
Tyz = 7 
Txz 
/ 
\ / 
/ \ 
\ 
I X = fl sSt.k,z+ |i 
k=1 k=1 1 p k=1 \ ' k=1 
N N \ N \ / N 
I siv;i+ I sgtrfz' = 
k=1 k=1 / \ H=1 / \ k=1 
(27) 
Txz. (28) 
However, this can be simplified for a balanced laminate since 
z 
k=1 
S^tk = 0 (29) 
resulting in 
and 
/ N \ 
yyz = 
Txz 
"•k^l \ 
/ N 
1 
Ty^ — S44TVZ 
k=l 
T.xz S55TXZ 
(30) 
(31) 
where and sZi are the effective compliance matrix terms. The out-of-plane shear 
moduli are merely the inverse of the effective compliance matrix terms and are easily 
calculated via: 
and 
Gzy — 
/ N \ -1 
( k ) ,  
44'k 
k=l 
(32) 
Gzx = 
/ N \ 
(33) 
k=l 
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Theory - Coefficient of Thermal Expansion 
If a symmetric, balanced laminate is subjected to thermal loading also, equa­
tions (1) - (3) become 
Ox = Qi I Ex - cCxAT + QI2 Ev - (XyAT + Qi? £/ - tt^AT + Qi(, - a^vAT (34) 
cJv = QI2kx - CCxAT + Q22kv - otvAT + Q23kz - ttzAT + Q26 - axvAT (35) 
CJz = Qi3 Ev - avAT + Q23 £v - OvAT + Q?? £/, - O-yAT + Q36 - axvAT (36) 
where a^, and are the transformed coefficients of thermal expansion. For a 
temperature change in the cube can be approximated as zero, although we cannot 
do the same for and (as we did for the first case). Solving (36) with = 0 and 
substituting into (34) and (35) yields: 
ax = iQii 
^3? 
Ex - ax AT 1 + Qi 2 Q13Q23 
Q33 
Ey - ttyAT Q 16 • Q13Q36 
Q33 
- OCxvAT (37) 
= Qiikx - «xAT + Qnky - ayAT + Qi6 - ttxyAT 
and 
Oy = i Qi2 - Q13Q23 
Q 
Ex - ax AT + Q22 ~ Q23 
33 Q33 
£y - ayAT + 7s Q23Q36 avyAT 
= QI2 Ev - avAT + Q22 Ev - avAT + Q26 
(38) 
- axvAT 
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where the new terms Qi6 and Q26 are defined for convenience. Integrating through the 
thickness as before (for a symmetric, balanced laminate): 
where 
Nx = AiiEx + Ai 2 Ev  - NIAT 
Ny = Ai28X + A22£y " NyAT 
NI= Qiiax + Qi2av + Qi6axv dz 
(39) 
(40) 
(41) 
and Ql2ax + Q22av + Q260Cxvklz. (42) 
For a given temperature change with no applied loads (N^ = = 0) the in-plane ther­
mal expansion coefficients are defined as: 
A22NJ - Al2Ny 
^AiiAoo-A^^ 
(43) 
and 
P,(0) _ ^ 
U.y 
AT 
AiiN]:- A12NI 
A] 1A22 " A"]^ 
(44) 
Then, from equation (36): 
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Assuming constant within a given layer, the change in thickness of the k"" layer due 
to a temperature change AT is: 
^t(^) = (46) 
The strain in a particular layer is: 
p(k) _ 
— 
^(k) ^ ^36 ^ (k) V13|^(Q) 
' Q(k) •''y ^(k) 
V33 V33 
a^" -
k) / \ 
- a'^* K(k) y y 
^33 
AT (47) 
and the total change in thickness is given by: 
A t =  ( k )  
k =  1  k  =  1  
(48) 
This provides all of the necessary information to formulate the closed form solution for 
the out-of-plane coefficient of thermal expansion, namely: 
a,= _  A t  
\ 
1 
A T  
=i ik '  
^ V = l  I  qS ® 
, Q^r/(0) . r/'k))L(k)  
^ ^ 'I 
(49) 
Incorporation of this equation into a conventional lamination code is also of little diffi­
culty. This calculation is performed in the previously referenced Mathcad program. 
Results 
Various layups were explored using the theory derived within this paper. Note 
that the theory illustrates that stacking sequence does not affect the out-of-plane thermo-
elastic properties, i.e these properties are analogous to linear A matrix terms in CLT. 
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These analytical investigations use mechanical properties for typical carbon/epoxy and 
glass/epoxy materials (Table 1). 
A series of analyses have been performed on various laminates to predict the 
influence of lay-up on out-of-plane mechanical properties. Table 2 presents data for 
cross-ply laminates with varying percentages of off-axis (90°) plies. This data has 
been normalized with respect to uniaxial properties, and plotted in Figure 2. This 
Figure illustrates that using transverse lamina properties is a poor assumption for out-
of-plane laminate properties for laminates with more than 10% plies oriented off-axis. 
An interesting phenomenon occurs in the prediction of out-of-plane mechanical 
properties of symmetric, balanced laminates which contain complementary angles (0, 
90-6). Results from analyses of these laminates are shown in Table 3. Note that the 
properties do not vary, and with the exception of the out-of-plane thermal expansion 
Table 1. Mechanical properties for typical composite tape lamina. 
Carbon/Epoxy (C-E) Glass/Epoxy (G-E) 
E 19.1 Msi 
1.36 Msi 
1.34 Msi 
0.84 Msi 
0.30 
5.60 Msi 
1.20 Msi 
1.30 Msi 
0.76 Msi 
0.26 
V 
V, 23 
13 0.28 
0.34 
0.26 
0.34 
a. 
a 
a, 
'3 
-0.043E-6 in/in/sF 4.78E-6 in/in/^F 
16.0E-6 in/in/^F 12.3E-6 in/in/sF 
16.0E-6 in/in/^F 12.3E-6 in/in/^F 
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Table 2. Out-of-plane properties approach lannina properties when the lay-up 
approaches uniaxial. 
Lay-up E, (msi) 
C-E/G-E 
(min/inZ-F) 
C-E/G-E C-E/G-E 
^'zy 
C-E/G-E 
[o.eo]^ 1.474/1.392 20.61/14.95 0.050/0.132 0.050/0.132 
[0,.90]^ 1.469/1.385 20.47/14.77 0.039/0.105 0.070/0.171 
[03.901s 1.462/1.376 20.26/14.52 0.035/0.093 0.087/0.199 
[04.90]3 1.456/1.368 20.05/14.30 0.032/0.087 0.102/0.219 
[05.9013 1.450/1.361 19.85/14.11 0.031/0.083 0.115/0.236 
[0e.90]3 1.444/1.356 19.67/13.95 0.030/0.080 0.127/0.249 
[0„90]3 1.439/1.351 19.50/13.82 0.029/0.077 0.138/0.259 
[0] .340/1.300 16.00/12.30 0.020/0.060 0.335/0.368 
1.4-
LU 
E 
|0.6-
0.4-
0.2 
\ 
\ 
\ 
\ 
\ 
Ez/Ezo 
CTEz/CTEzo 
\ 
\ 
N 
X 
> 
N 
nuzx 
• nuiy 
- - ^ _ 
" ~ . 
• - - - . 
•— 
' 
" — 
0.35 
0.3 
0.25 
0.2 
0.15 "o 
0.05 
10 15 20 25 30 35 
Percent Ninety Degree Plies 
40 45 50 
Figure 2. Out-of-plane properties are affected by a snnall number of off-axis plies as 
seen in [0^,90]^ laminates. 
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Table 3. Out-of-plane properties are insensitive to lay-up for balanced laminates 
with complementary angles (0, 90-6). 
Lay-up E, (msi) 
C-E/G-E 
(}iin/in/-F) 
C-E/G-E 
^zx 
C-E/G-E 
V 
zy 
C-E/G-E 
[45,-45]3 1.47/1.39 20.61/13.91 0.050/0.132 0.050/0.132 
[0.90]3 1.47/1.39 20.61/13.91 0.050/0.132 0.050/0.132 
[0,±45,90]3 1.47/1.39 20.61/13.91 0.050/0.132 0.050/0.132 
[0,±30,±60,90]3 1.47/1.39 20.61/13.91 0.050/0.132 0.050/0.132 
[±10,±80]3 1.47/1.39 20.61/13.91 0.050/0.132 0.050/0.132 
coefficient are identical to those for a perfectly cross-plied laminate. This occurs be­
cause the driving terms are the axial-shear coupling terms, and these cancel for bal­
anced laminates with complementary angles. 
The effect of angle ply reinforcement has been examined for both [0, ±0]^ and 
[0, +0,90]^ iaminates. Analytical predictions for these laminates are presented in Table 
4, and plotted in Figures 3 and 4, respectively. Figure 3 illustrates that using trans­
verse lamina properties for out-of-plane laminate properties is a poor assumption for 
[0, ±0]^ laminates with angle plies of 15° or greater. The [0, ±6, 90]^ laminates are 
somewhat less sensitive to additional angle ply reinforcement, since the off-axis (90°) 
plies have a more significant effect. Thus, if an estimate must be performed, using out-
of-plane properties for a cross-ply laminate is a much better approximation than using 
transverse lamina properties. Since the analysis is not overly complicated, however, it 
is recommended to perform calculations for out-of-plane properties rather than using 
any simplifying assumptions. 
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Table 4. Out-of-plane properties for various C-E angle ply laminates 
Lay-up (msi) (|iin/in/-F) 
[0] 1.340 16.00 0,020 0.335 
[0,10,-10]3 1.347 16.27 0.015 0.326 
[0,20,-20]3 1.371 17.16 0.005 0.291 
[0,30,-30]3 1.412 18.59 0.000 0.218 
[0,40,-40]3 1.450 19.87 0.012 0.133 
[0,50,-50]3 1.470 20.48 0.032 0.076 
[0,60,-60]3 1.474 20.61 0.050 0.050 
[0,70.-70]3 1.472 20.56 0.062 0.042 
[0,80,-80]3 1.470 20.50 0.068 0.039 
[O.9OJ3 1.469 20.47 0.070 0.039 
[0,.90,]3 1.462 20.26 0.035 0.080 
[0,10,-10,90]3 1.463 20.29 0.035 0.085 
[0,20,-20,90]3 1.466 20.38 0.035 0.080 
[0,30,-30,90]3 1.470 20.50 0.037 0.070 
[0,40,-40,90]3 1.473 20.60 0.045 0.057 
[0,45,-45,9013 1.474 20.61 0.050 0.050 
[0,50,-50,9013 1.473 20.60 0.057 0.045 
[0,60,-60,9013 1.470 20.50 0.070 0.037 
[0,70,-70,9013 1.466 20.38 0.080 0.035 
[0,80,-80,9013 1.463 20.29 0.085 0.035 
[O.9O3I3 1.462 20.26 0.087 0.035 
Program Listing (iVIathcad) 
Pages 270-273 present a listing of a Mathcad routine wfiich will calculate the 
out-of-plane properties discussed within this paper. 
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Figure 3. Out-of-plane stiffness, thermal expansion and Poisson's ratios vary with 
angle ply orientation in [O,±0]j laminates. 
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Figure 4. Out-of-plane stiffness, thermal expansion and Poisson's ratios vary with 
angle ply orientation in [O.+Q.QOlg laminates. 
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Program for Determining Out-of-Plane Laminate Properties Rick Hale 
t\/laterial Properties for typical Carbon/Epoxy 
El  M9 110  
E2  = 1 .36 -10^  
E3  1 .34-10^  
G12  =0 .8410"  
G23  -0 .31  10^  
G31  :0 .67-10*^  
v l2  =0 .3  
v l3  =0 .28  
v23  =0 .34  
a l  =  0 .043310"^  a2  =1610 ' ' '  a3  =  16-10  
:E2-
v l2  
E l  
v31  =E3-
v l3  
E l  
v32  =E3-
v23  
E2  
Laminate Information (Note, properties driven by A matrix -- stacking sequence immaterial) 
I' 0 
I 0 
; 71 
; -) 
ORIGIN = 1  
Orientation of fibers in each lamina 
^ 
-<0<-
2 2 
t  =0 .0052  
No  =rows(0 )  
k  = l . .No  
Thickness of each lamina (in) 
Number of Layers in Laminate 
r r i j ,  =cos  Direction sines and cosines of the kth lamina 
T(k)  
m, 
m. 2-m,  -n ,  k k 
k"k "^kA K)'-K)' 
m,. 
Tb(k)  =1  (n^ )^  
[A v2 K) ' -  [\Y 
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(n)' 0 0 0 -2m^ 
(^)= W 0 0 0 2m^-
0 0 1 0 0 0 
0 0 0 
'"k 0 
0 0 0 A 0 
0 0 0 K) ' - (^) 
T3(k)  
K)^ 0 0 0 •"kA 
("k)' 0 0 0 
0 0 1 0 0 0 
0 0 0 
"^k A 0 
0 0 0 
"k 0 
2"\"k 0 0 0 1 
a(!c) =Tb(k) 
a l  
a2  
0 
v l2 -v21  -  v23  v32-  v31v l3 -  2  v21-v32  v l3  
E1-E2E3  
1 -  v23-v32  
E2-E3  
v21  T  v31v23  
v21- ,  v31-v23  v31-v21v32  
E2E3  
1  -  v l3 -v31  
E2-E3  E1-E3  
Q  v31  +  v21v32  v32^  v l2  v31  
E2  E3  E l  £3  
0 0 
0 0 
1 
E2-E3  
v32^  v l2  v31  
E1E3  
1  -  v l2 -v21  
E1-E2  
0 
0 
0 
AG23 
0 
0 
0 
A-031  
0 
0 
This assumes all 
lamina have the 
same properties 
. - 1  
0 0 0 0 0  AG12  
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Qb(k)  ^T2(k ) -QT3(k)  
(Qb(k) ,  y -  Qb(k) ,  , -Qb(k) ,  ,  
Qb lKk)  =Qb(k) ,  ^  Qbl2(k )  =Qb(k) ,  ,  
Qb(k)3 3 Qb(k) ,  ,  
Qb22(k)  =Qb(k) ,  
(Qb(tc), 3)-
Qb(k)3 3 
Qbl7(k )  
Qb(k)  
1 . 3  Qb27(k)  
Qb(k)  
Qb(k) ,  3  
Qb(k)3 3 
3 . 3  
Qbl6(k )  =Qb(k)  
1 . 5  
Qb(k) ,  3  Qb(k )3^  
Qb(k)3 3 
Qb26(k)  =Qb{k)^  
2 . 6  
Qb(k) ,  3  Qb(k)3  
Qb(k)3 3 
Al l  ::V(Qbl l (k ) t )  A12  (Qbl2 (k ) - t )  A17  - (Qb  17(k) -1 )  
k k k 
A22 : ^^ (Qb22(k) l )  A27  ^ (Qb27(k)  t )  
k  k  
AXZ 
A12-A27  -  A22-A17  
A11A22-  A12 '  
AYZ = A12  A17-  A11A27  
A11A22-  A12-
t lo l  =Nol  
EZ ^  
t to t  
s ^  ,  Qb(k ) ,  3 AXZ Qb(k) ,  -AYZ ! Qb(k)3 3 -' I t Qb(k)  Qb(k)  '  
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Nxt  =^ (Qbl l (k ) -a (k )^  +  Qbl2 (k )  a (k )^ -  Qbl6 (k )  a (k )^ )  t  
k  
Nyt  =^ (^Qbl2 (k )  a (k ) |  +•  Qb22(k ) -a (k ) ,  +  Qb26(k)  a (k )^ ]  t  
k  
A22  Nxl  -  A12  Nyt  A1  I  Ny t  -  A12  Nxl  
oxo  — ayo  = 
A11-A22-A12-  A11A22-A12-
SQb(k)^  Qb(k) |  « ( ' ' ) | )  Qb(k)^  j ' f ayo-  a (k )^ ]  i 0(3 T ^ Qb(k)3  3  Qb(k)3  3  Qb(k ) ,  ,  
azo ^ 
t t o t  
nuzx  = -EZAXZ 
nuzy  = -EZAYZ 
EZ =  1 .469-10 '  Out-of-Plane Stiffness 
azo  =  '>  047-10  Out-of-Plane Coeff. of Thermal Expansion 
nuzx  =0 .039  Out-of-Plane tvlinor Poisson's Ratios 
nuzy  =  0 .07  
